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INTRODUCTION 


This is the final report for NASA Grant No. NAGW-1001 (Georgia Tech project A-4698) 
covering the period of 1/1/87 to 12/31/96. A discussion of work which has not yet been 
published is given in the first section following this introduction. All subsequent chapters 
contain reprints of published papers that acknowledge support from this grant. 


PROGRESS REPORT 


In recent years, our NASA-supported efforts have focused on three areas of research: (1) 
kinetic, mechanistic, and thermochemical studies of reactions which produce weakly bound chemical 
species of atmospheric interest, (2) development of flash photolysis schemes for studying radical- 
radical reaction kinetics and implementation of these schemes for studying radical -radical reactions 
of stratospheric interest, and (3) photochemistry studies of interest for understanding stratospheric 
chemistry. Progress on the above research tracks is summarized below. Reference numbers in 
brackets refer to the respective numbers for the subsequent chapters of this report. 

Reactions Producing Weakly Bound Species of Atmospheric Interest 

We have investigated the formation-dissociation kinetics of a number of weakly bound 
adducts of halogen atoms with atmospheric trace gases. These studies provide information about 
the rate coefficient for addition of the halogen atom to the atmospheric trace gas, the lifetime of the 
adduct toward unimolecular decomposition, and the bond dissociation energy of the adduct. Studies 
of the following reactions have been completed and written up for publication [21, 22, 15, 14, 2]: 


Cl + 0 2 + 0 2 ~ Cl 00 + 0 2 

(Rl) 

Cl + CO + N 2 ~ C1C0 + n 2 

(R2) 

Cl + CS 2 + M ~ CS 2 C1 + M, M = N 2 , 0 2 

( R3) 

Br + N0 2 + N 2 ~BrN0 2 + N 2 

(R4) 

Cl + C 2 C1 4 + N 2 ~ C 2 C1 5 + n 2 

(R5) 


A paper describing our study of R5 appeared in a January 1996 issue of the Journal of Physical 
Chemistry [2]. Our interest in R5 was stimulated by the use of C 2 C1 4 as a tracer for assessing the 
importance of chlorine atoms as a tropospheric oxidant [Rudolph et al., 1995; Singh et ah, 1996]. 
While it is known that C 2 C1 4 reacts several hundred times more rapidly with Cl than with OH at T 
= 298 K and P = 750 Torr air, the temperature and pressure dependences of the Cl + C 2 C1 4 rate 
coefficient had not been systematically investigated. The results presented in chapter 2 firmly 
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establish the temperature and pressure dependences of k 5 and the dissociation energy of the Cl- 
CC1 2 CC1 2 bond. 

Recently, we have focused attention on formation of weakly bound adducts in reactions of 
chlorine atoms with haloalkanes. In the atmospheric literature these reactions are assumed to occur 
via hydrogen atom transfer or, in a few thermochemically favorable cases (such as Cl reactions with 
CFjI and CH 2 C1I), by halogen atom transfer. At relatively high temperatures, the expected behavior 
is, indeed, observed. We have characterized the “high-temperature” kinetics of Cl reactions with 
CH 3 F and CH 3 Br with sufficient precision and over sufficiently wide temperature ranges to clearly 
demonstrate non-Arrhenius behavior. Also, we have carried out the first temperature dependent 
kinetics studies of Cl reactions with CH 3 I, CF 3 I, CH 2 C1I, CH 2 ClBr, C 2 H 5 I, and C 2 D 5 I. Our “high 
temperature” results for the above reactions are summarized in Table I. For Cl reactions with 
CH 3 Br, CF 3 I, CH 2 C1I, and CH 2 ClBr, our results agree well with those reported from other 
laboratories, although our experiments cover a considerably wider temperature range. The results 
in Table I represent the first reported kinetic data for Cl reactions with CH 3 I, C 2 H 5 I, C 2 D 5 I, and 
CF 3 CH 2 I. 

At sufficiently high pressure and low temperatures (ranging from £ 310 K for CH 3 I, C 2 H 5 I, 
and C 2 D 5 1 to s 1 80 K for CH 3 Br) observed kinetic behavior suggests that formation of weakly bound 
adducts becomes the dominant pathway for Cl reactions with CH 3 I, CH 3 Br, C 2 H 5 I, C 2 D 5 I, CF 3 I, and 
CF 3 CH 2 I. Through direct observation of association-dissociation kinetics, adduct bond strengths (at 
298K) have been evaluated (see Figure 1). Ab-initio calculations employing density functional 
theory have been carried out by our collaborator, Mike McKee of Auburn University; the 
calculations reproduce experimental bond strengths reasonably well and predict structures where the 
C-X-Cl bond angles are close to 90 degrees (X = I or Br). As can be seen by examination of Figure 
1, an excellent inverse correlation exists between observed adduct bond strengths and the haloalkane 
ionization potential. The potential importance of Cl and OH adducts with haloalkanes in 
atmospheric chemistry cannot be readily assessed without further experimentation. However, it is 
worth noting that Wallington and co-workers [private communication] have observed complex 
kinetic behavior and product distributions in the Cl reaction with CH 3 I at atmospheric pressure and 
T = 298K; their observations can only be explained if an adduct is postulated which undergoes 
chemical transformations other than dissociation back to reactants. 
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Table I. Rate constants for non-adduct-forming channels in Cl + haloalkane reactions. 


haloalkane 

Range of T(K) 

C a ' b 

n ab 

A ab 

D ab 

E a,b 

CH 3 F 

200-699 

3.09 x 10 18 

2.25 

1.08 x 10 ” 

2.62 

8.20 

CH 3 Br 

187-697 

3.19 x 10 15 

1.26 

1.47 x 10 ” 

5.56 

8.55 

CHjI 

364-694 



5.50 x 10 ” 


10.48 

CF 3 I 

220-418 



8.14 x 10 ” 


13.05 

CH 2 ClBr 

222-400 



7.79 x 10 12 


7.57 

CH 2 C1I 

206-432 



4.33 x 10 ” 


-1.63 

ch 3 ch 2 i 

350-434 



6.34 x 10 ” 


3.9 

cd 3 cd 2 i 

350-434 



2.67 x 10 ” 


3.31 

cf 3 ch 2 i 

274-434 



4.50 x 10 12 


2.21 


a. k = Ct" exp (-D/RT) = A _Ea/Rt ; A = Ct n e n and E a = D + nRT 

b. Units of C and A are cm 3 molecule ’s' 1 ; units of D and E a are kJ mol' 1 . 


Figure 1. 




I. P. of Haloalkane (eV) 


Dependence of the Cl — haloalkane bond strength on the ionization 
potential of the haloalkane. 


Radical-Radical Reactions 

We invested considerable effort into a detailed study of the reaction 

O + BrO - Br + 0 2 (R6) 

A novel dual laser flash photolysis-long path absorption-resonance fluorescence technique was 
employed to study the kinetics of R6 as a function of temperature (23 1-328K) and pressure (25-150 
Torr) in N 2 buffer gas. The experimental approach preserves the principal advantages of the flash 
photolysis method, i.e., complete absence of surface reactions and a wide range of accessible 
pressures, but also employs techniques which are characteristic of the discharge flow method, i.e., 
chemical titration as a means for deducing the absolute concentration of a radical reactant and use 
of multiple detection axes. Our results demonstrate that k* is independent of pressure, and that the 
temperature dependence of k« is adequately described by the Arrhenius expression k (T) 6 = 
1.91x1 O' 1 'exp(230fT) cm 3 molecule''s‘'; the absolute accuracy of measured values for k* is estimated 
to vary from ± 20% at T ~ 230 K (a typical middle stratospheric temperature) to ± 30% at T ~ 330 
K. Our results demonstrate that, at mid-stratospheric temperatures, the O + BrO rate coefficient is 
about a factor of 1 .7 faster than previous “guesstimates” suggested. The catalytic cycle with reaction 
(6) as its rate-limiting step appears to be the dominant BrO x odd-oxygen destruction cycle at altitudes 
above 24 km. A paper describing our study of R6 appeared in a March 1995 issue of the Journal 
of Chemical Physics [4]. 

Our most recent efforts in the area of radical-radical reaction kinetics have focused on the 
very important stratospheric reaction 

H0 2 + BrO - HOBr + 0 2 (R7a) 

- HBr + 0 3 (R7b) 

Both k 7 (T) and the branching ratio k^Tt/kj must be known quantitatively in order to assess the role of 
reaction (7) in stratospheric chemistry. While there is a growing consensus based on both laboratory 
and field observations that k^, is very small, some differences have arisen concerning the value 
of k 7 (298K). Two recent studies report k 7 (298K) > 3x1 O'” cm 3 molecule's‘' [Bridier et al., 1993; 
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Larichev et al., 1995] while two other studies report values about a factor of two slower [Elrod et 
al., 1996; Li, et al., 1995]. There is agreement between Larichev et al., Elrod et al., and Li et al. that 
R7 has a significant negative activation energy, although one study (Li et al.) reports non-Arrhenius 
behavior while the other two do not. 

Our initial studies of R7 employed 193 nm laser flash photolysis of H 2 02/0 3 /Br 2 /N 2 mixtures, 
with simultaneous time-resolved detection of BrO (by UV absorption spectroscopy at 338.3 nm) and 
H0 2 (by infrared diode laser absorption spectroscopy at 1372 cm' 1 ). Typical experimental conditions 
were [H 2 0 2 ] = (1-2) x 10 16 per cm 3 , [0 3 ] = (2-5) x 10 15 per cm 3 , [BrJ = (5-10) x 10 ,3 per cm 3 , P = 10- 
1 00 Torr N 2 , and laser fluence ~ 50 millijoules per cm 2 . In the above scheme, BrO is generated from 
photolytically produced oxygen atoms via the O + Br 2 and Br + 0 3 reactions while H0 2 is generated 
from photolytically produced OH radicals via their reaction with H 2 0 2 . Interpretation of observed 
temporal profiles requires simulations which employ a mechanism consisting of 29 reactions; 
however, significant time windows exist where BrO removal is dominated by reaction with H0 2 , and 
where H0 2 removal is dominated by the H0 2 + H0 2 and H0 2 + BrO reactions. The data we have 
obtained to date support relatively slow values for k 7 , i.e., values in the range (1-1.5) x 10 11 
crfrmolecule'V. However, the above scheme has two major problems. First, the requirement for 
high concentrations of H 2 0 2 makes the scheme unviable at sub-ambient temperatures. Secondly, we 
have had problems with reproducibility which we believe result from heterogeneous loss of Br 2 on 
reactor surfaces; these reactions probably involve H 2 0 2 and/or H 2 0 impurity in the H 2 0 2 . 

As a solution to the problems mentioned above, we have adopted a new photochemical 
scheme which involves 351 nm laser flash photolysis of Cl 2 /CH 3 0H/0 2 /Br 2 /N0 2 mixtures. Studies 
involving this scheme will carry into the next funding cycle, so details are described in a later section 
of the proposal. 

Photochemistry 

Carbonyl sulfide (OCS) is thought to be an important photolytic precursor for the background 
(i.e., non-volcanic in origin) lower stratospheric sulfate aerosol layer [Crutzen, 1976]. We 
employed time-resolved detection of carbon monoxide (CO) by tunable diode laser absorption 
spectroscopy to measure the quantum yield for CO production from 248 nm photodissociation of 
OCS relative to the well-established quantum yield for CO production from 248 nm photolysis of 
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phosgene (Cl 2 CO). The temporal resolution of the experiments was sufficient to distinguish CO 
formed directly by photodissociation from that formed by subsequent S( 3 P) reaction with OCS. 
Under the experimental conditions employed, CO formation via the fast S('D) + OCS reaction was 
minimal. Measurements at 297 K and total pressures from 4 to 100 Torr N 2 + N 2 0 show the CO 
yield to be greater than 0.95 and most likely unity. This result suggests that the contribution of OCS 
as a precursor to lower stratospheric sulfate aerosol is somewhat larger than previously thought. A 
paper describing our study of OCS photochemistry appeared in a March, 1995 issue of Geophysical 
Research Letters [5]. 

Recently, we have focused attention on the photochemistry of the halogen nitrates. Recent 
work at JPL suggests that C10N0 2 photochemistry is much more complicated than previously 
thought [Nickolaisen et al., 1996]. Both the total photodissociation quantum yield and the fraction 
of photodissociation events which lead to production of Cl + N0 3 versus CIO + N0 2 now appear to 
depend on wavelength and pressure in a rather complex way. Our initial studies of C10N0 2 
photochemistry involved detection of the atomic chlorine photoproduct following photolysis at both 
266 nm and 355 nm at pressures in the range 5-200 Torr. Phosgene and molecular chlorine (Cl 2 ) 
were used as <I>(C1) = 2.0 calibrations at 266 nm and 355 nm, respectively. For reasons which will 
require further experimentation to sort out, we had considerable difficulty obtaining reproducible 
Cl atom yields. However, some useful results were obtained from these experiments. First, by 
monitoring the pseudo-first order chlorine atom decay rate as a function of the C10N0 2 
concentration, a value of l.lxl O'"cm 3 molecule' 1 s' 1 was obtained for the Cl + C10N0 2 rate coefficient 
at 298K; this result agrees well with other values reported in the literature [Margitan, 1983; Kurylo, 
et al., 1983; Yokelson et al., 1995]. Another interesting result is summarized by the data shown in 
Figure 2, i.e., at very short times after the photolysis flash a fast component in the decay of the 
resonance fluorescence signal is observed. The fast component is more pronounced in 10 Torr N 2 
than in 100 Torr N 2 (compare traces (a) and ( c ) in Figure 2). Our interpretation of the above 
observations is that C10N0 2 photolysis produces Cl^P,^) in considerable excess over the fraction 
expected to be present in thermal equilibrium with Cl( 2 P 3/2 ). The resonance fluorescence technique 
simultaneously detects both spin-orbit states, but is more sensitive to the excited state, Cl^P^); 
hence, as the excited state rapidly relaxes, a fast component in the resonance fluorescence temporal 
profile is observed. When C0 2 , an excellent quencher for Cl^P,^), is added to the reaction mixture, 
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Figure 2. 



J_» j t i j i i i i I i t i i i . . < . t , , . . , 
0 100 200 


time (jis) 

2 

Cl ( P ) decay profiles in the presence of CIONO- showing the effect 
of added C0> on the Cl signal at short times. Experimental conditions: 
298K: K„ buffer gas - (a) 100 torr, (b) 100 torr, (c) 10 torr; JC10N0-] 
(10 1A molecules cm“3) - (a) 3.11, (b) 3.11, (c) 2.18; [COj (10 l6 
molecules cm“3) - (a) 0, (b) 2.95, (c) 0. 
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the fast component in the fluorescence temporal profile disappears (see trace (b) in Figure 2); this 
confirms the above interpretation. Shortly after carrying out the above experiments, we became 
aware that the NCAR kinetics group had made similar observations and had, in fact, followed up on 
their observations to carry out an excellent study of the kinetics of Cl^P,^) deactivation by a number 
of collision partners [Tyndall et al., 1995]. Given the excellent work on C10N0 2 photochemistry 
being done at JPL and NCAR, we decided to shift our attention to the photochemistry of BrON0 2 
(see below). 

Our initial studies of BrON0 2 photochemistry have involved detection of ground state atomic 
bromine, Br^Pj^), following laser flash photolysis at 266 nm. CF 2 Br 2 has been employed as a 3>(Br) 
= 1.0 calibration, and C0 2 has been added to the photolysis mixtures to insure rapid relaxation of 
any photolytically generated Br( 2 P 1/2 ). Some experiments have been carried out with NO added to 
the photolysis mixtures in order to rapidly convert photolytically generated BrO to Br; hence, 
quantum yield information for both Br and BrO has been obtained. In addition, by measuring the 
pseudo-first order loss rate of Brf^Pj^) as a function of the bromine nitrate concentration, kinetic data 
for the Br + BrON0 2 reaction have been obtained. The experimental set-up allows BrON0 2 to be 
monitored (by UV photometry) in the slow flow system both upstream and downstream from the 
photolysis/reaction cell. We find that some BrON0 2 is lost upon traversal from the upstream 
absorption cell to the downstream absorption cell, with the largest differences occurring when the 
photolysis/reaction cell is cold. Loss of BrON0 2 can be kept very small (~5%) if (a) care is taken 
to eliminate all leaks from the flow' system and (b) the system is treated with N 2 0 5 before a set of 
BrON0 2 photochemistry /kinetics experiments are undertaken; surface reaction of BrON0 2 with H,0 
is the probable BrON0 2 loss mechanism. Over the temperature range 228-352 K, our Br + BrON0 2 
kinetic data are well described by the Arrhenius expression (units are cm 3 molecule’s' 1 ): 

k = (2.00 ± 0.08) x 10 ” exp [(329 ± 28)fT] 

Uncertainties in the above Arrhenius expression are 2o and represent precision only. The results of 
quantum yield measurements for Br and BrO are summarized in Table II. We find that the quantum 
yields for Br and BrO production are similar in magnitude and sum to a value which is unity within 
experimental uncertainty. Our studies of BrON0 2 photochemistry will extend into the next funding 
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Table II. Quantum yields ($) for Br and BrO from 266 nm photodissociation of BrON0 2 .' 


T(K) 

P(Torr) 

®(Br) 

4>(Br)/<P(BrO) 

245 

50 

0.52±0.04 

1.11 ±0.10 

298 

10 

0.57±0.010 



20 

0.52±0.06 

1.12±0.16 


50 

0.51±0.06 

1.20±0.20 


200 

0.55±0.06 

1.24±0.26 


a. Uncertainties are 2o 
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cycle and will include pressure and temperature dependent studies at two additional photolysis 
wavelengths (308 nm and 355 nm); in addition, direct observation of two additional possible 
photoproducts (N0 3 and O) will be carried out. 
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A laser flash photolysis— resonance fluorescence technique has been employed to study the kinetics of the 
Cl( 2 Py) *f C 2 CI 4 association reaction as a function of temperature (231-390 K) and pressure (3-700 Ton) 
in nitrogen buffer gas. The reaction is found to be in the falloff regime between third and second order over 
the range of conditions investigated, although the second-OTder limit is approached at the highest pressures 
and lowest temperatures. At temperatures below 300 K, the association reaction is found to be irreversible 
on the experimental time scale of ^20 ms. The kinetic data at T < 300 K have been employed to obtain 
falloff parameters in a convenient format for atmospheric modeling. At temperatures above 330 K, reversible 
addition is observed, thus allowing equilibrium constants for C 2 G 5 formation and dissociation to be determined 
Second- and third-law analyses of the equilibrium data lead to the following thermochemical parameters for 
the association reaction: AH°yn = —18.1 ± 1.3 kcal mol” 1 , AITo = —17.6 ± 1.3 kcal mol” 1 , and AS 0 ™ = 
-27.7 ± 3.0 cal mol " 1 K" 1 . In conjunction with the well-known heats of formation of Clf^Py) and C 2 CI 4 , the 
above AH values lead to the following heats of formation for CtGj at 298 and 0 K: AJTtm = 8.0 ± 1.3 
kcal mol ’ 1 and AH°uo — 8.1 ± 1.5 kcal mol" 1 . The kinetic and thermochemical parameters reported above 
are compared with other reported values, and the significance of reported association rate coefficients for 
understanding tropospheric chlorine chemistry is discussed. 


Introduction 

Tetrachloroethylene (C 2 CL 4 ) is used widely for dry cleaning, 
for metal degreasing, and as an industrial solvent. 1 * 2 Global 
production of C 2 CU over the decade from the early 1980s to 
the early 1990s averaged around 600 ktons yr" 1 , and a majority 
of this production has found its way into the atmosphere. 1 Field 
observations of the global distribution of atmospheric C 2 CU have 
been employed in conjunction with spatially resolved emissions 
data to deduce an average tropospheric lifetime of about 0.4 
yr. 1 - 3 - 4 This lifetime is consistent with the notion that C2CU 
removal from the troposphere is dominated by reaction with 
the OH radical, although uncertainties in the OH + C2CU rate 
coefficient and in tropospheric OH concentrations are such that 
the lifetime for C7CU toward reaction with OH could be 
anywhere in the range 0.20-0.65 yr. 2 

Comparison of available kinetic data for the OH + CjCU 
reaction 5 " 8 with available data for the + CjCU reaction 9 " 16 
suggests that the Cl( 2 Py) + C2CI4 rate coefficient is several 
hundred times faster than the OH + C2CI4 rate coefficient at 
tropospheric temperatures and pressures. Until recently, it has 
been thought that chlorine atom levels in the troposphere were 
so low that CK^y) could not be an important tropospheric 
reactant. However, evidence is now mounting which suggests 
that chlorine atom levels in the marine boundary layer may be 
as much as one-tenth as high as OH levels, 17 -’ 8 with the chlorine 
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atom source probably being photochemically labile chlorine 
species such as CI 2 and C 1 NO: produced via heterogeneous 
reactions on the surfaces of moist sea salt particles . 19 Hence, 
it appears that in certain regions of the troposphere reaction 
with G( 2 Py) is an important removal mechanism for CjCU. 

Reaction 1 must proceed via an addition mechanism, i.e., for 
N 2 buffer gas, 

C1( 2 P,) + CjCl, + N 2 - CjCl 5 + Nj (1) 

The current state of knowledge concerning the atmospheric 
oxidation mechanism for C 2 CI 5 has recently been reviewed by 
Franklin . 2 Phosgene (G?CO) is the major end product, but 
significant yields of carbon tetrachloride, a compound with a 
large ozone depletion potential, have been reported . 20 While 
CCI 4 can be produced via the gas phase photolysis of the 
intermediate photooxidation product CG 3 CCIO, it is now 
thought that most CCU observed in laboratory photooxidation 
studies is formed by heterogeneous photochemical processes . 2 
Hence, yields of CCU observed in laboratory "smog chamber" 
studies may be larger than those which would actually be 
produced in the atmosphere. 

While numerous kinetics studies of reaction 1 have been 
reported , 9 " 16 the temperature and pressure dependences of the 
rate coefficient have not been systematically investigated. In 
this paper we report the results of experiments where laser flash 
photolysis of G 2 /C 2 CU/N 2 mixtures has been coupled with CI- 
(^y) detection by time-resolved atomic resonance fluorescence 
spectroscopy to investigate the kinetics of reaction 1 over the 
temperature range 231-298 K and the pressure range 3-700 

C 1996 American Chemical Sncietv 


Kinetics of the G^y) + CjCU Association Reaction 

Torr; over this range of experimental conditions the reaction is 
found to be in the fall off regime between third and second order, 
although the high-pressure second-order limit is approached at 
the low-temperature and high-pressure limits of the range of 
conditions investigated. We also report experiments at higher 
temperatures (332-390 K) where G( 2 Py) regeneration is 
observed on the experimental time scale (10" 5 — JO" 2 s), thus 
indicating the occurrence of the reverse dissociation reaction: 

C 2 C1j + N 2 -C1( 2 P,) + C 2 C1 4 + N 2 (-1) 

Analysis of equilibration kinetics as a function of temperature 
provides information about the thermochemistry of reaction 1. 

Experimental Technique 

The laser flash photolysis-resonance fluorescence apparatus 
employed in this study was similar to those employed in our 
laboratory in several previous studies of chlorine atom kinet- 
ics. 21 * 22 Important features of the apparatus and experimental 
techniques which are specific to this study are described below. 

Chlorine atoms were produced by 355 nm laser flash 
photolysis of CI 2 - Third harmonic radiation from a Quanta Ray 
Model DCR-2 Nd:YAG laser provided the photolytic light 
source. The photolysis laser could deliver up to 1 x 10 17 
photons per pulse at a repetition rate of up to 10 Hz; the pulse 
width was 6 ns. Fluences employed in this study ranged from 
5 to 50 mJ cm" 2 pulse" 1 . 

In order to avoid accumulation of photochemically generated 
reactive species, all experiments were earned out under “slow 
flow” conditions. The linear flow’ rate through the reactor was 
typically 3 cm s " 1 while the laser repetition rate was varied 
over the range 2-10 Hz. (It was 2 Hz in most experiments at 
T < 300 K and 10 Hz in most experiments at T > 330 K.) 
Since the direction of flow was perpendicular to the photolysis 
laser beam, no volume element of the reaction mixture was 
subjected to more than a few laser shots. Molecular chlorine 
(Ch) and C 2 CL 4 were flowed into the reaction cell from 12 L 
Pyrex bulbs containing dilute mixtures in nitrogen buffer gas, 
while N 2 flowed directly from its high-pressure storage tank. 
The CI 2 /N 2 mixture, C 2 CU/N 2 mixture, and additional N 2 were 
premixed before entering the reaction cell. Concentrations of 
each component in the reaction mixture were determined from 
measurements of the appropriate mass flow rates and the total 
pressure. The CjCL* concentration was also measured in situ 
in the slow' flow system by UV photometry at 228.8 nm using 
a cadmium penray lamp as the light source. The C2CI4 
absorption cross section at 228.8 nm was measured during the 
course of this study and was found to be 8.36 x 10" 18 cm 2 . 
Kinetics results were found to be independent of whether the 
60.3-201 cm long absorption cell was positioned upstream or 
downstream from the reaction cell. In the lowest pressure 
experiments a small correction was required for the pressure 
differential between the absorption cell and the reaction cell; 
the pressure differential never exceeded 1%. In all photometric 
measurements (including the absorption cross section measure- 
ments) the absorption cell temperature was 297 ± 2 K. 

The gases used in this study had the following stated 
minimum purities: Nj, 99.999%; CI 2 , 99.9%. 23 Nitrogen was 
used as supplied while Cl: was degassed at 77 K before being 
used to prepare mixtures with N2. The liquid C2CI4 sample 
had a staled purity of 99+%. It was transferred under nitrogen 
atmosphere into a vial fined with a high vacuum stopcock and 
then degassed repeatedly at 77 K before being used to prepare 
mixtures with N 2 . 
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TABLE 1: Summary of Kinetic Data for the Reaction 
CK*Py) + C2CI4 + N 2 - C2CI5 + N: Obtained under 
Experimental Conditions (T < 300 K) Where the Reaction 
Was Irreversible on the Time Scale for CK*Py) Decay* 


DO. Of 


T 

P 

icy 

fClU 

IC,CUW 

expts* 


k\ ± 2(f 

231 

3.1 

77 

1.9 

6000 

6 

17500 

28.1 ±0.8 


6.2 

69 

0.8 

2750 

5 

9300 

33.1 ± 1. 1 


26 

63 

0.6 

2490 

6 

10700 

43.0 ± 25 


101 

60 

0.6 

2320 

6 

12200 

50.3 ±3.1 


401 

61 

0.6 

1870 

6 

9770 

51.6 ±0.9 


702 

99 

1.4 

2500 

6 

12200 

48.0 ± 2.4 

260 

3.1 

22-76 

1.6 

7330 

9 

11900 

15.6 ± 0.3 


62 

62 

0.7 

2330 

6 

5080 

20.3 ± 1.8 


26 

61 

0.6 

2130 

6 

7290 

33.6 ± 1.2 


101 

54 

0.6 

2070 

5 

8630 

41.5 ±32 


402 

57 

0.7 

1630 

5 

7150 

42.8 ±3.1 


702 

85 

0.9 

2070 

5 

9740 

46.5 ± 2.3 

297 

3.1 

70 

1.9 

6750 

10 

5700 

7.9 ± 0.3 


6.1 

27-240 

0.2 — 1 -5 

2590 

20 

3020 

11.1 ±0.8 


13 

10-56 

0.1 -0.7 

2120 

10 

3140 

14.4 ± 0.9 


26 

10-79 

0.1— 1.8 

3370 

21 

6490 

18.7 ±0.7 


26 

43 

0.8 

3230 

10 

6150 

18.6 ± l.) d 


52 

35 

0.6 

1790 

5 

4110 

22.6 ± 0.8 


101 

54 

0.9 

1620 

7 

4370 

26.9 ± 0.8 


201 

32-93 

0.3- 1.0 

2360 

12 

7830 

32.5 ±2.1 


401 

64 

1.3 

1700 

8 

6560 

37.8 ±32 


701 

10 

1.3 

1760 

14 

7600 

38.7 ± 2.5 


s Units: T (K); P (Tott); concentrations (10 n molecules cm' 3 ); k 
(s' 1 ); k\ (10" ,; cm 3 molecule"’ s' 1 ). *Expt m determination of one 
pseudo-first -order decay rate. f Errors represent precision only. 4 1.0 
x 10 15 CFjClj per cm 3 added to reaction mixture. 

Results and Discussion 

In all experiments, chlorine atoms were generated by laser 
flash photolysis of G 2 : 

Cl 2 + hv (355 nm) - nCl( 2 P w ) + (2 - «)Cl( 2 P 1/2 ) (2) 

The fraction of chlorine atoms generated in the excited spin- 
orbit state, G( 2 P 1 / 2 ), is thought to be very small, i.e., less than 
0.01 . 24 * 25 Recently, it has been reported that the rate coefficient 
for quenching by N 2 is considerably slower than 

previously thought, i.e., 5.0 x 10’ 15 cm 3 molecule" 1 s" 1 . 26 
However, on the basis of reported rate coefficients for G( 2 P J y 2 ) 
deactivation by saturated halocarbons (all gas kinetic except, 
possibly, CF 4), 2 *’ 29 we expect that the rate coefficient for 
GC 2 ?^) deactivation by C 2 CI 4 is very fast, i.e., (2 ± 1) x 10" 10 
cm 3 molecule" 1 a" 1 . Hence, it seems safe to assume that all 
Qf^y) + C 2 G 4 kinetic data are representative of an equilibrium 
mixture of G( 2 Pi/:) and GC^P^). As a further check on the 
assumption of spin state equilibration, the rate coefficient at T 
« 297 K and P = 26 Torr was measured with and without 
CF 2 G 2 , a very efficient GC 2 ?^) quencher, 26 * 28 * 29 added to the 
reaction mixture; as expected, this variation in experimental 
conditions had no effect on the observed reaction rate (see Table 
1). The equilibrium fraction of chlorine atoms in the 2 P\n state 
ranges from 0.0021 at 231 K to 0.019 at 390 K. It is worth 
noting that, given the small fraction of chlorine atoms in the 
*P\n state and the fast values for k\ which are measured (Tables 
1 and 2), it must be the case that observed reactivity is 
dominated by chlorine atoms in the state. 

All experiments were carried out under pseudo-first-order 
conditions with C 2 G 4 in large excess over G^y). Hence, in 
the absence of side reactions that remove or produce chlorine 
atoms, the GC^y) temporal profile following the laser flash 
would be described by the relationship 

la{[Cl( 2 P,)]</[Cl( 2 P,)],} = <*,[C,CU + * 3 )' = Vt a) 
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time (ms) 

Figure 1. Typical Cl( 2 Py) temporal profiles observed at T < 500 K. 
Experimental conditions: T = 259 K; P = 100 Torr, M = N 2 ; [G 2 ] * 
5.4 x 10 ,: molecules cm' 3 ; [Cl) 0 = 5.6 x 10 10 atoms cm' 3 ; [CjCl*] in 
units of 10’ 4 molecules cm" 3 (A) 0, (B) 0.724, (C) 1.07, and (D) 2.07; 
number of laser shots averaged (A) 400, (B) 2000, (C) 2000, and (D) 
3000 Solid lines arc obtained from least-squares analyses and give 
the following pseudo-first-order decay rates in units of s' 1 : (A) 245, 
(B) 3250, (C) 4560, and (D) 8630. For the sake of clarity, traces A 
and D are scaled by factors of 0.9 and 1.5, respectively. 

where *3 is the rate coefficient for the process 

Cl — first-order loss by diffusion from the detector field 

of of view and/or reaction with background impurities (3) 

The bimolecular rate coefficients of interest, are 

determined from the slopes of k' versus [C 2 CI 4 ] plots for data 
obtained at constant fN 2 ] and T and under conditions where N 2 
is the dominant third body collider with the energized C 2 CI 5 
complex. Observation of G( 2 P./) temporal profiles that are 
exponential, i.e., obey eq I, a linear dependence of k! on [Cr 
CI 4 ], and invariance of k' to variation in laser photon fluence 
and photolyte concentration strongly suggests that reactions 1 
and 3 are, indeed, the only processes that significantly affect 
the Cl( 2 Py) time history. 

Kinetics at T < 300 1C For all experiments carried out at 
temperatures below 300 K, well-behaved pseudo-first-order 
kinetics were observed; i.e M G( 2 Py) temporal profiles obeyed 
eq I, and k' increased linearly with increasing [C 2 CI 4 ] but was 
independent of laser photon fluence and photolyte concentration. 
Typical data are shown in Figures 1—3. Measured bimolecular 
rate coefficients, *i([N 2 ),D are summarized in Table 1. As 
expected for an association reaction in the non-high -pressure - 
limit regime, > s found to increase with increasing 

pressure and with decreasing teraperarure. 

Parametrization of k]([Ni)J*) for Atmospheric Modeling. 
For purposes of atmospheric modeling, it is convenient to 
generate a mathematical expression that can be used to compute 
*i(rN 2 ],T) over the range of relevant temperatures aod pressures. 
(The efficiency of O 2 as a third body collider is generally very 
similar to that of N 2 ) The expression generally used for this 
purpose is 30 

*iONJ.7) = {A/ll + {A/B)]}F c <,+ "°* ,a/B)),) " 01) 



Figure 2. Plots of k\ the GC^Py) pseudo-first-order decay rate, versus 
C 2 CU concentration, as a function of temperature for data obtained at 
P — 26 Torr of N 2 with no added CT 2 O 2 . The solid lines are obtained 
from linear least-squares analyses and the resulting rate coefficients, 
i.e., the slopes of the plots, ire listed in Table 1. 



Figure 3. Plots of k\ the Gf 2 ?;) pseudo-first-order decay rate, versus 
CjG* concentration as a function of pressure for data obtained at T « 
297 K The solid lines are obtained from linear least-squares analyses, 
and the resulting rate coefficients, i.e., the slopes of the plots, are listed 
in Table 1. 

where 

A «= * IJ( X7)[NJ * *,.o(300 K)(77300) - "[N 2 ] (ffl) 
B - k, JD = *, _(300 K)(r/300)‘ m (IV) 

r c = 0.6 (V) 

Ld the above expression, * 1.0 and lc, m are approximations to the 
low- and high-pressure limit rate coefficients for reaction 1, and 
F c is the “broadening parameter”. The value F c — 0.6 is found 
to fit data for a wide variety of atmospheric reactions reasonably 
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Figure 4. Falloff curves for the reaction G^y) 4 CjCL 4* N: — > 
C 2 CI 5 4 N: ai T = 23 1 , 260, and 297 K. Solid lines are best fits of the 
complete data set to eq II. 

well , 30 although in principle F c may vary with temperature and 
may be different for different reactions . 31 ” 33 Fitting our 
measured values for * 1 (^ 2 ], 7) to eq D gives the foDowing 
parameters: 


Figure 5. Typical Gf^y) temporal profiles observed at T > 330 K. 
Experimental conditions: T = 360 K; P = 100 Torr, M = N 2 ; [CI 2 ] = 
7.3 x 10 12 molecules cttT 3 ; [G}o *= 1.3 x 10 n atoms cm' 3 ; IC 2 CU] in 
units of 10 M molecules cnv 3 = (A) 1.89, (B) 3.90, and (C) 11.2; number 
of laseT shots averaged = (A) 30 000, (B) 30 000, and (C) 40 000. 
Solid lines are obtained from nonlinear least-squares fits to eq VI. Best 
fit parameters, i.e., A|, A 2 , and Q , are summarized in Table 2. For the 
sake of clarity, traces B and C are scaled by factors of 1.1 and 1.5, 
respectively. 


k ] 0 (T) = 1.40 x 10' 2S (r/300)' 8 5 cm 6 molecule -2 s " 1 

Jk, JT) = 3.97 x 10""(77300)" u cm 3 molecule"' s ' 1 

Experimental falloff data are compared with curves calculated 
using the above parameters in Figure 4. The parametrization 
represents the experimental data reasonably well. Variation of 
the parameter F c does not significantly improve the quality of 
the fits. 

Kinetics at T > 330 K. At temperatures above 330 K, 
chlorine atom regeneration via a secondary reaction became 
evident. Under these experimental conditions, observed Cl- 
( 2 Py) temporal profiles were independent of laser fluence and 
Cl: concentration but varied as a function of [C 2 CU], pressure, 
and temperature in the manner expected if unimolecular 
decomposition of C:C] 5 was the source of regenerated G( 2 Py). 
Assuming that C 2 O 5 decomposition is the source of regenerated 
Cl( 2 Py), the relevant kinetic scheme controlling the G( 2 Py) 
temporal profile includes not only reactions 1 and 3 but also 
reactions -1 and 4: 

C 2 G 5 “■ ’ first-order loss by processes 

that do not regenerate C1( 2 P ; ) (4) 

Assuming that all processes affecting the temporal evolution 
of Cl( 2 Py) and C 2 CI 5 are first-order or pseudo-first-order, the 
rale equations for reactions 1, — 1, 3, and 4 can be solved 
analytically: 

S/S 0 = {(0 4 A,) expUjf) - (C + A 2 ) x 

exp(A 2 f)}/(A, - * 2 ) (VI) 

where S, and 5 0 are the resonance fluorescence signal levels at 
times / and 0 , and 


C? = *-i + *4 

(vn) 

e + kj + MCjCy = -6*, + ^) 

(vm) 

kyQ 4 k 4 fc,[C 2 G 4 ] = A,A 2 

(IX) 


Observed Oi^Pj) temporal profiles were fit to the double- 
exponential eq VI using a nonlinear least-squares method to 
obtain values for Aj, A 2 , Q , and S 0 . The background G^y) 
loss rate in the absence of C 2 CI 4 , i.e., * 3 , was directly measured 
at each temperature and pressure (see Table 2). Rearrangement 
of the above equations shows that the rate coefficients k\ n k-i, 
and *4 can be obtained from the fit parameters and the measured 
*3 using the following equations: 

*, = -(G + *3 + *i + W^ci 4 ] (X) 

*4 = «i^-*3ey*,rc 2 a 4 ] c xu 

= (xb) 

Typical G^y) temporal profiles observed in the high- 
temperature experiments are shown in Figure 5 along with best 
fits of each temporal profile to eq VI. The results for all high- 
temperarure experiments are summarized in Table 2. It is worth 
noting that values for *i([N 2 ), 7 ) obtained from analysis of the 
high -temperature data are consistent with those expected based 
on extrapolation of the results from T < 300 K. We believe 
that reported values for k\, even at high temperature where Cl- 
(*Pj) regeneration is fast, are accurate to within ±20%. Absolute 
tin certainties in reported values for *_i are somewhat more 
difficult to assess. Inspection of Table 2 shows that the precision 
of multiple determinations of k-i at a particular temperature 
and pressure (for varying [C2G4]) is quite good. An inherent 
assumption in our analysis is that the only significant C 2 CI 5 
loss process that results in chlorine atom production is reaction 

— 1 ; as long as this assumption is correct (it almost certainly 
is), we believe the absolute accuracy of our reported k-\ values 
is ±30% over the full range of temperature and pressure 
investigated. 

Possible Secondary Chemistry Complications The pho- 
tochemical system used to study the kinetics of reactions 1 and 

— I appears 10 be relatively free of complications from unwanted 
side reactions. The only potential secondary reactions we are 
aw are of which could destroy or regenerate chlorine atoms (other 
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TABLE 2: Results of the Q(*Py) + C2CI4 — Cj&s + N 2 Equilibration Kinetics Experiments 


T 

P 

[cy 

[ C IJm ) 

IC ^ U ) 

Q 

- a , 


ki 

*4 

*. 

*-1 


332 

25 

83 

1.6 

1390 

469 

83 

2130 

187 

57 

11.2 

411 

60.3 



83 

1.6 

2650 

484 

86 

3670 

187 

73 

11.6 

411 

62.4 



83 

1.6 

4480 

534 

127 

5670 

187 

122 

11.3 

412 

60.7 



83 

1.6 

6950 

544 

127 

8910 

187 

124 

12.0 

420 

62.9 

334 

100 

87 

1.7 

1190 

864 

96 

3260 

85 

100 

20.2 

764 

58.1 



87 

1.7 

2500 

689 

44 

5370 

85 

38 

18.5 

651 

62.7 



87 

1.7 

3920 

869 

116 

8420 

85 

119 

19.3 

750 

56.7 



87 

1.7 

6770 

1020 

217 

14100 

85 

225 

19.5 

795 

53.9 

340 

6.5 

61 

0.9 

496 

327 

109 

802 

319 

-63 

5.34 

390 

29.6 



61 

0.9 

682 

424 

170 

1130 

444 

10 

6.33 

414 

33.0 



61 

0.9 

890 

506 

175 

1240 

319 

93 

6.61 

414 

34.5 



61 

0.9 

984 

420 

162 

1290 

444 

37 

5.93 

383 

334 



61 

0.9 

2160 

467 

185 

1960 

444 

127 

5.73 

340 

36.4 



61 

0.9 

3080 

482 

187 

2410 

444 

141 

5.42 

341 

34.3 



61 

0.9 

3310 

592 

245 

2490 

319 

230 

5.50 

362 

32.8 

340 

25 

57 

0.7 

238 

536 

93 

829 

188 

-188 

8.32 

655 

27.4 



57 

0.7 

648 

628 

83 

1320 

188 

-15 

9.00 

643 

30.2 



57 

0.7 

1550 

645 

39 

2200 

188 

-25 

9.06 

669 

29.2 



57 

0.7 

4230 

757 

103 

5180 

188 

90 

10.3 

668 

33.2 

340 

100 

48 

0.7 

452 

1220 

82 

2050 

88 

74 

18.2 

1150 

34.3 



48 

0.7 

955 

1150 

71 

2860 

88 

60 

17.7 

1090 

34.8 



74 

1.3 

1070 

1270 

83 

3210 

116 

63 

17.7 

1200 

31.7 



48 

0.7 

1220 

1210 

64 

3470 

88 

55 

17.6 

1100 

34.6 



48 

0.7 

1240 

1150 

66 

3350 

88 

52 

18.3 

1160 

34.0 



48 

0.7 

1340 

1110 

61 

3440 

88 

49 

17.2 

1060 

34.9 



48 

0.7 

1760 

1120 

62 

4340 

88 

53 

18.1 

1070 

36.7 



48 

0.7 

2110 

1150 

72 

4940 

88 

67 

17.9 

1080 

35.7 



74 

1.3 

3040 

1220 

73 

6720 

116 

64 

17.7 

1160 

32.9 

350 

100 

57 

0.9 

529 

2150 

44 

2950 

61 

J 

14.8 

2150 

14.5 



210 

0.7 

1630 

2130 

17 

4640 

61 

-21 

15.1 

2150 

14.7 



210 

3.2 

1640 

2300 

66 

4790 

61 

70 

15.2 

2230 

14.3 



57 

0.9 

1670 

2070 

19 

4750 

61 

-13 

15.8 

2080 

15.9 



no 

0.7 

1670 

2110 

15 

4780 

61 

-21 

15.7 

2130 

15.5 



57 

0.9 

5190 

2550 

152 

10700 

61 

178 

15.9 

2370 

14.1 

360 

25 

70 

1.0 

2120 

2040 

126 

3870 

148 

103 

8.53 

1940 

8.96 



70 

1.0 

4920 

2020 

98 

5930 

148 

73 

7.84 

1950 

8.20 



70 

1.0 

10700 

2070 

104 

10500 

148 

94 

7.88 

1970 

8.13 

360 

100 

90 

1.7 

1110 

3780 

88 

5460 

166 

-89 

14.6 

3870 

7.71 



73 

1.3 

1890 

3560 

53 

6200 

92 

2 

13.8 

3550 

7.92 



73 

1.3 

3900 

3570 

43 

9280 

92 

14 

14.5 

3550 

8.34 



90 

1.7 

6290 

4050 

67 

13200 

166 

23 

14.5 

4030 

7.31 



73 

1.3 

11200 

4120 

233 

21500 

92 

265 

15.6 

3860 

8.25 

370 

25 

68 

1.2 

4010 

3230 

129 

6080 

217 

30 

6.92 

3200 

4.29 



68 

1.2 

8440 

3270 

111 

9350 

217 

54 

7.08 

3220 

4.37 



68 

1.2 

11200 

3050 

50 

11000 

217 

-15 

7.01 

3070 

4.53 

370 

100 

83 

1.2 

2910 

6800 

61 

11100 

87 

20 

14.7 

6780 

4.30 



83 

1.2 

5780 

6240 

56 

13500 

87 

30 

12.5 

6210 

3.99 



83 

3.2 

8420 

6490 

104 

18700 

87 

113 

14.6 

6380 

4.53 



83 

1.2 

15100 

7010 

319 

30700 

87 

384 

15.9 

6630 

4.76 

380 

25 

73 

1.0 

6060 

4340 

99 

7760 

199 

-28 

5.48 

4370 

242 



73 

1.0 

12700 

5110 

147 

13700 

199 

117 

6.72 

4990 

2.60 

380 

100 

75 

1.2 

2200 

9820 

78 

11800 

75 

90 

9.04 

9730 

1.79 



75 

1.2 

5060 

9690 

40 

14800 

75 

-26 

10.1 

9720 

2.01 



75 

1.2 

6280 

11500 

124 

18700 

101 

158 

11.5 

11300 

1.96 



75 

1.2 

9920 

10700 

78 

21300 

75 

81 

10.7 

10600 

1.95 



210 

3.6 

10800 

9630 

54 

20300 

75 

0 

9.91 

9630 

1.99 



210 

0.9 

10900 

10500 

117 

21700 

75 

156 

10.3 

10400 

1.91 

390 

25 

89 

1.0 

6000 

7860 

174 

10700 

184 

146 

4.68 

7710 

1.14 



89 

1.0 

21400 

8330 

203 

19000 

184 

218 

4.97 

8120 

1.15 



89 

1.0 

24100 

8260 

128 

20000 

184 

88 

4.85 

8170 

1.12 



89 

1.0 

27000 

8660 

242 

22600 

184 

278 

5.18 

8380 

1.16 

* Units: 

T (K); 

P (Ton); concentrations (10" molecules cm 3 ); Q , k 

1 , ^ 2 . 

ky A*, k - 1 (s~ 

*1 (10- 

13 cm 3 molecule s' 

J ); K p (10 4 atm 

-*). 


than reaction — 1, of course) are the foUowing: 

CI( : P j) + C 2 C1 5 - Cl 2 + CjCl 4 (5a) 

-CjCl, (5b) 

CjCl } + C) 2 — CjCl^ + C1( 2 P V ) (6) 

The concentrations of photochemically generated radicals 
employed in this study, i.e., <3 x 10 n cm" 3 , were sufficiently 
small that a radical —radical interaction such as reaction 5 could 


not be an important G(*Py) removal process even if the rate 
coefficient were gas kinetic. Experimentally, the fact that 
observed kinetics were unaffected by significant variations in 
[G}o confirms that reaction 5 did not contribute significantly 
to G(*Py) removal. The only kinetics studies of reaction 6 
reported in the literature involved competitive chlorination 
studies where kinetic information was derived by fitting 
observed product distributions to a complex chemical mecha- 
nism;’ 0 * 34 these studies, while indirect, suggest that k* is much 
too slow for reaction 6 to be a significant interference. 
Experimentally, we found that observed kinetics were unaffected 
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Figure 6. van't Hoff plot for the reaction Cl 4- C?CU — C3O5. The 
solid line is obtained from a linear least-squares analysis and gives the 
second-law thermochemica) parameters for the reaction (see Table 4). 
Different symbols indicate data obtained at different total pressures. 

by significant variations in Cl: concentration, thus confirming 
that reaction 6 played no role in controlling observed G^y) 
temporal profiles. 

C 2 G 5 Thermochemistry: Second-Law Analysis. The 
equilibrium constants, tf p . given in Table 2 are computed from 
the relationship 

K p = kJk^RT—KJRT (XH1) 

Use of eq XID involves making the assumption that reaction 
-1 is truly the reverse of reaction 1 , i.e., that the products of 
reaction - I do not contain substantial internal excitation. If, 
for example, reaction —1 resulted in production of predomi- 
nantly G(~P j/ 2 ), it would be inappropriate to use the ratio * 1 / 
as a basis for evaluating the thermochemistry of reaction 1 . 
While it seems reasonable to assume that energy is distributed 
statistically in the translational and internal degrees of freedom 
of the GO* and G( 2 Py) products of reaction — 1 , it should be 
kept in mind that there presently exists no experimental 
verification that this assumption is correct. 

Assuming that A' p can be computed from the ratio of measured 
values for k\ and 4- 1 , a van’t Hoff plot, i.e., a plot of In K p 
versus 7^', can be constructed; such a plot is shown in Figure 
6 . Since 

In K p = (A SIR) - (AHIRT) (XTV) 

the enthalpy change associated with reaction 1 is obtained from 
the slope of the van’t Hoff plot while the entropy change is 
obtained from the intercept. At 360 1C, the midpoint of the 
experimental r~ l range, this “second-law analysis” gives the 
results A H = — 1 7.5 ± 0.6 kcal mol * 1 and AS = —26.1 ± 1.8 
cal moP* K~\ where the errors are 2c and represent precision 
only. 

C 2 Gs Thermochemistry’: Third -Law Analysis. In addition 
to the second-law analysis described above, we have also earned 
out a third-law analysis, where the experimental value of K v at 
360 K (79 800 ± 8000 atm -1 ) has been employed in conjunction 
with a calculated entropy change to determine A H. 




Figure 7. Structure for C 7 CL and C 7 O 5 derived from ab initio 
calculations at the Becke3LYP/6-31-KJ(d) level as discussed in the 
lex t. Bond lengths and bond angles shown in parentheses are at the 
MP2/6-31+G(d) level of theory and values for CjCU in square brackets 
are recommendations from the JANAF tables (ref 46). 

Since experimental data concerning the structure of C 2 CI 5 
art not available, ab initio calculations have been carried out 
for this species. The calculations employed density functional 
theory 35-37 as implemented in the GAUSSIAN 92/DFT program 
system. 3 ® With an appropriate choice of gradient correction and 
a modest basis set, DFT has been shown to frequently give 
results of near chemical quality . 39-44 In addition, spin con- 
tamination does not seem to be as serious for DFT compared 
to Hartree-Fock (HF) theory . 45 Bcckc3LYP, which seems to 
be a good choice of exchange and correlational functional, has 
been used with the 6-31+G(d) basis set to optimize geometries 
for C 2 CI 5 . Vibrational frequencies have been calculated with 
the same method. The results for C 2 G 4 can be compared with 
experiment to lend credibility to the approach while the results 
for C 2 GS can be employed to compute its absolute entropy as 
well as heat capacity corrections. As a check on the DFT 
results, MP2y6-314-G(d) optimizations were also carried out for 
C 2 G 4 and C 2 G 5 . Only small differences in the geometries were 
noted. Since the DFT results were closer to experiment for 
C 7 G 4 , the DFT geometries and frequencies for C 2 G 5 were used 
in the third-law analysis. 

Two distinctly different G( 2 P;)-CjG 4 adducts are possible. 
A chlorine atom could add symmetrically to GtOCG: to form 
a * -complex or a three -membered ring with unpaired spin 
density on chlorine. Alternatively, a chlorine atom could add 
unsymmetrically to form a o-complex with unpaired spin density 
on the ^-carbon. Our calculations predict that the most stable 
form for C 2 G 5 is the haloalkyl radical CG 3 CQ 2 , i.e., the 
o-complex. Calculated structures for C 2 CI 4 and C 2 G 5 are shown 
in Figure 7. For comparison, experimental bond lengths and 
bond angle for CjCL* 46 are also shown in Figure 7; the 
calculated structure of C2CI4 is in good agreement with 
experiment. 

To cany out the third-law analysis, absolute entropies as a 
fun ebon of temperature weir obtained from the JANAF tables 46 
for GC 2 !*./), calculated using vibrational frequencies and mo- 
ments of inertia taken from the JANAF tables for CjCL , 47 and 
calculated using the moments of inertia and vibrational frequen- 
cies in Table 3 for C 2 G 5 The moments of inertia in Table 3 
were computed using the C 2 G 5 structure shown in Figure 7. 
The vibrational frequencies in Table 3 were calculated using 
the approach described above. Because calculated vibrational 
frequencies for CtCL are very close to those given in the JANAF 
tables , 46 no scaling of the C 2 G 5 frequencies is deemed neces- 
sary. At 360 K, the third-law analysis gives the results A H = 
—18.6 ± 0.5 kcal moP 1 and AS = -29.3 ± 1.0 cal mol -1 K“ l ; 
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Absolute Entropies and Heat Capacity Co rrections 

species v( cm" 1 ) c /^(ami^A 6 ) g 0 g, Ae (cm" 1 )* 

Cl 4 2 £82.36 

CjCL 1571 4 730 x 10 7 1 

1000 
918 
111 
512 
447 
347 
324 
288 
235 
176 
110 

CrCl 5 1124 6 1.76 x 10* 2 

942 
782 
721 
624 
447 
406 
342 
327 
264 
233 
231 
173 
129 
39 

* A* s assumed energy splitting between lowest two electronic states. 
CjCL has no low-lying excited electronic states, and CjCls is assumed 
to have none. 

TABLE 4: Tberroocbemical Parameters for the Reaction 


CI( J P 2 ) + CjCU - CjCIs* 

T 

method 

-A H 

-AS 

AWyHCjCIs) 6 

360 

2nd law 

17.5 ±0.6 

26.1 ± 1.8 



3rd law 

18.6 ±Q.5 

29.3 ± 1.0 


298 

2nd law 

173 ±0.7 

26.2 ± 1.9 

8.5 ± 0.8 


3rd law 

18.7 ±0.6 

29.4 ± 1.0 

7.4 ± 0.7 

0 

2nd law 

17.1 ±0.8 


8.7 ± 0.9 


3rd law 

18.2 ±0.7 


73 ± 0.8 


• Units: T (K); AM A^CtCIs) (kcal mor'); A 5 (cal mol' 1 K" 1 ). 
* Calculated using values for AMr.HCl) and AMVKCjCU) taken from 
ref 46. 


the uncertainties we report reflect an estimate of the uncertainties 
introduced by our imperfect knowledge of the input data needed 
to calculate absolute entropies (the low frequency vibrations of 
C 2 G 5 are most significant) as well as our estimated uncertainty 
in the experimental value for A p (360 K). 

Summary of Therroochemical Results. The thermochemi- 
cal results of this study are summarized in Table 4. Appropriate 
heat capacity corrections have been employed to obtain A H 
values at 298 and 0 K. Using literature values 46 for tbe beats 
of formation of Q( 2 Py) and C 2 CI 4 at 298 and 0 K allows the 
heat of formation of C 2 G 5 to be evaluated. As can be aeen 
from Table 4, the agreement between the second- and third- 
law results is not perfect. Since the uncertainties in the A/frj(Cr 
G 5 ) values obtained by the two methods are about tbe same, it 
seems appropriate to report simple averages of the second- and 
third-law values, while adjusting reported uncertainties to 
encompass the 2 o error limits of both determinations. Using 
this approach, we report AJTf^CjGs) = 8.0 ± 1.3 kcal mor 1 
and AM° f .o(C 2 a 5 ) = 8.1 ± 1.5 kcal mol* 1 . The Cl-C bond 
energy can also be directly calculated from theory, where single- 
point energies are determined with an expanded basis set and 
zero-point corrections are made with DFT frequencies. The 
predicted bond energy’ at 0 K is 14.2 kcal mol " 1 at Becke3LYP/ 


0 

at PMP2/6-3 1 1 +G(3df) (using the MP2 geometry). While the 
spin -projected PMP2 value is in reasonable agreement with 
experiment, the DFT value is several kcal mol” 1 too small. It 
appears that the DFT method calculates the relative strength of 
the C— C n bond to be too strong relative to the Cl— C o bond. 
In a very recent assessment of computational methods for 
calculating radical addition reactions to alkenes, Wong and 
Radom found that addition enthalpies may be too positive by 
DFT by as much as 10 kcal mol -1 when compared to QCISD 
results 48 In tight of their work, tbe underestimation of the Cl-C 
bond energy by DFT is not unexpected. 

Comparison with Previous Research. Although this study 
represents the first systematic investigation of the temperature 
and pressure dependence of k\ % there are several published 
measurements with which our results can be compared. Davis 
et al ., 14 in one of the pioneering applications of the flash 
photolysis— resonance fluorescence technique, measured k\ at 
298 K in helium buffer gas; they reported rate coefficients of 
4.8 x 10" 12 and 6.10 x 10" 12 cm 3 molecule" 1 s " 1 at pressures 
of 15 and 100 Torr, respectively. The magnitude of Davis et 
al.’s rate coefficients seems a tittle low compared to values one 
might expect based on our measurements in N 2 buffer gas, and 
the ratio k|(100 Ton of Heyki(15 Ton of He) = 1.25 obtained 
from Davis et al.’s results is smaller than one would predict 
based on the 297 K falloff curve we have obtained using N 2 as 
tbe buffer gas (Figure 4). Breitbarth and Rottmayer have 
employed a discharge flow’ system with an EPR detector to study 
the kinetics of the 0( 3 Pj) 4- C 2 CI 4 reaction at 298 K and 0.3 
Ton total pressure in O 2 buffer gas. 15 They observed that Cl- 
(*Pj) was produced as a reaction product and, by following the 
temporal evolution of both CK 3 Pj) and 0(^1, extracted a value 
of 3 x 10" 13 cm 3 molecule" 1 s " 1 for k\\ this value is slower 
than one would predict from extrapolation of our 297 K falloff 
curve down to P = 0.3 Ton under the assumption that N 2 and 
O 2 *re equally efficient as third body colliders. In addition to 
the two “direct” studies discussed above, there have been a 
number of competitive kinetics studies of reaction l,*" 1316 two 
of which ,3,16 report results where meaningful comparisons can 
be made with our results. Franklin et al. employed CW 
photolysis of G 2 in conjunction with gas chromatographic 
detection of C 2 CL; they employed the reference reactants C 2 H 6 
and CH 2 CICH 2 Q to measure the ratios ki/k\ = 0.0295 at 310 
K and fa/*i = 1.66 at 348 K. 

C1( 2 P,) + CH : C1CH 2 C1 — HC1 + CHCICH.CI (7) 

C1( J P,) + CjH, - HQ + CjH 5 (8) 

Assuming £ 7 ( 3 10 K) = 1.7 x 10" 12 cm 3 molecule" 1 s " 1 49 and 
*§(348 K) = 5.9 x 10" n cm 3 molecule" 1 s" 1 , 30 Franklin et 
al.’s data give *j(310 K) = 5.8 x 10" n cm 3 molecule" 1 s" 1 
and Aj (34-8 K) « 3.6 x 10" n cm 3 molecule" 1 s" 1 ; these rate 
coefficients are not quantitatively consistent with each other but 
are in approximate agreement with the values expected based 
on our data, given the more efficient third-body colliders 
employed in die Franklin et al. study. 50 Atkinson and Aschmann 
have also employed CW photolysis of G 2 in conjunction with 
gas chromatographic detection of C 2 CI 4 and ethylene to measure 
hjk\ *= 236 at 298 K in 735 Ton of air. 

a( 2 P,) + CjHj + M-CH 2 C]CH : + M (9) 

Assuming **(298 K, 735 Ton of air) = 1.040 x 10* 10 cm 3 
molecule* 1 s* 1 , 30 the Atkinson and Aschmann 16 data give kr 
(298 K, 735 Tott of air) = 4.1 x 10“ n cm 3 molecule* 1 s* 1 ; 
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Figure 8. Falloff curves (298 K) for reactions of G(*Py) with C 2 CI 4 
and CjRi. The CjCL curve is calculated from falloff parameters 
determined in this study while the C 2 R 1 curve is calculated from the 
falloff parameters recommended in ref 30. 

this is slightly faster than the value we report but in agreement 
within combined experimental uncertainties. 

Franklin et al. 13 in their competitive kinetics studies (described 
above) derived the following relationship from their data: log- 
(*-i/*i*o) = 4.90- 10650/4.5767 mol 2 L -2 s. They used their 
determinations of *1 in conjunction with the measurements of 
kt(T) reported by Dusdeil et al. 34 to obtain values for *_i(7). 
Franklin et al.’s values, when corrected for updated information 
about * 7 (7) and *g(7), give values for *-i(7) which are somewhat 
faster than the values we report. A more quantitative compari- 
son does not appear to be worthwhile because (a) the Arrhenius 
expression for *$(7) is highly uncertain, 1034 (b) Franklin et al. 
report *-1 to be pressure independent while we find *-1 to be 
pressure dependent (Table 2), and (c) as mentioned above, 
Franklin et al. employed more efficient third-body colliders (Cr 
CL Cl 2 , C 2 H 6 , CH 2 OCH 2 CI, C0 2 . and SF 6 ) in their study than 
we did in ours (N 2 ). From their evaluations of *1 and *-1 at 
two temperatures, Franklin et al. derived A H = -16.9 ± 1.0 
*cal mol" 1 , i.e., somewhat higher than the value we report but 
in agreement within combined experimental uncertainties. (We 
believe the uncertainty in the Franklin et al. determination of 
A H is actually considerably larger than their published estimate 
13 of ±1.0 kcal mol" 1 .) 

The best fit value for the parameter n (describing the 
temperature dependence of * 1 . 0 ) obtained in this study, i.e., n 
= 8.5, is larger than is typically found for association reactions 
of atmospheric interest. 30 Recommended values of n for 62 
atmospheric association reactions range from 0.0 to 6.7, with 
the largest values found for the CF 2 OQ 2 + NO: and CCI 3 + 
O 2 reactions . 30 Interestingly, both CF 2 OO 2 NO 2 and CCI 3 O 2 
are relatively weakly bound species, with bond strengths only 
a few kcal mol" 1 stronger 51 * 52 than that of CtGs. While the 
results reported in this paper clearly demonstrate that *1 increases 
significantly with decreasing temperature, the value of n is rather 
uncertain because no data were obtained at pressures anywhere 
near the low-pressure limit. As a result, extrapolation of our 
results outside of the experimental temperature regime should 
be carried out with caution. 

The 298 K falloff curves for G( 2 Py) reactions with C 2 H 4 and 
C 2 CL 4 over the pressure range 1—10 000 Ton of N 2 are 
compared in Figure 8. The C2CI4 curve is based on the falloff 
parameters determined in this study while the C 2 H 4 curve is 
calculated from the falloff parameters recommended by the 
NASA panel for chemical kinetics and photochemical data 
evaluation, 30 which are based on the experimental data of 
Wallington et al. 53 over the pressure range 10—3000 Ton. 


Interestingly, G y) reacts much more rapidly with C2CI4 than 
with C2H4 in die low-pressure limit, but much more rapidly 
with C2H4 than with C2CI4 in the high-pressure limit. This 
interesting reactivity pattern can be rationalized in terms of the 
simple Linde mann — Hinshel wood mechanism, 54 * 55 where reac- 
tion 1, for example, proceeds via the following three-step 
process: 



(la) 

C;C1 5 * — C1( 2 P,) + C,C1< 

(lb) 

CjC1 5 * + M — C^CLj + M 

(lc) 


If one makes the steady state approximation for the energized 
adduct, C 2 G 5 *, the low- and high-pressure limit rate coefficients 
are obtained as k\s> = *i«*ic/*ib and *i.« *= The fact that 
* 9 ._ > * 1 ,. implies that O^y) adds more rapidly to C 2 H 4 than 
to C 2 CI 4 to form the energized species C 2 H 5 -WCI,*; this seems 
reasonable since the four chlorine atoms in C 2 CI 4 would be 
expected to sterically hinder approach of G^y) to a carbon 
atom. The fact that * 9,0 < * 1.0 also seems reasonable since 
collisional deactivation of C 2 H 5 -* 0 „* would be expected to 
be more efficient for C 2 G 5 * than for C 2 H 4 G* due to the much 
higher density of states in C 2 G 5 *. 

Implications for Atmospheric Chemistry. The results 
reported in this paper confirm that C 2 CI 4 reacts with CK^y) 
several hundred times faster than with OH under atmospheric 
conditions. Hence, in selected atmospheric environments such 
as the marine boundary layer, where G^y) levels appear to 
be particularly high, 17 ' 19 reaction with G( 2 Py) will be the 
dominant atmospheric removal mechanism for C 2 CI 4 . In 
addition, CjCU is being employed as a “tracer" for analyzing 
the potential importance of chlorine atoms as an oxidant in the 
free troposphere; 56 the temperature- and pressure-dependent 
values for *1 (TJ>) reported in this study are useful for making 
such an analysis as quantitative as possible. 
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Abstract 

A laser flash photolysis-resonance fluorescence technique has been employed to study the kinetics 
of the reaction of CX 3 P) with CF 3 NO (* 2 ) as a function of temperature. Our results are described by 
the Arrhenius expression k 2 (T) - (4.54 £ 0.70) X 10 -12 exp[(-560 £ 46)/7’] cm 3 molecule _ 1 b _1 (243 K ^ 
T s 424 K); errors are 2 o and represent precision only. The 0( 3 P) *f CF 3 NO reaction is sufficiently rapid 
that CF 3 NO cannot be employed as a selective quencher for C> 2 (a 1 A I ) in laboratory systems where O ( 3 P) 
and 62(0 coexist, and where CX 3 P) kinetics are being investigated. C 1995 John Wiley ft 60ns, Inc. 


Introduction 

The first excited state of molecular oxygen, C^C^A*) (e * 0.977 eV), has a long 
radiative lifetime of 3900 s and typically is quenched inefficiently by closed-shell 
molecules [ 1 ]. Specifically, the rate coefficient for quenching of C^a 1 A*) by N 2 is less 
than 1 CT 20 cm 3 molecule“ 1 6" 1 [ 2 ] which results in a long CM^A*) lifetime in N 2 even 
at pressures of hundreds of torr. Although rate coefficients for quenching of C^^A^) 
by about 50 small molecules have been reported [1,3,4], only trifluoronitrosomethane, 
CF 3 NO, has been found to have a large quenching rate coefficient at 300 K, i.e., 
3.0 x 10~ 12 cm 3 molecule' 1 s ” 1 [3]. 

In a recent study of the kinetics of the 0( 8 P) + BrO reaction [5] we employed UV 
laser flash photolysis of O 3 as a source for generating large concentrations of 0( 3 P). 
Ozone photolysis at 248 nm (KrF excimer laser) and at 266 nm (fourth harmonic 
of the Nd:YAG laser) produces primarily electronically excited “singlet” atomic and 
molecular oxygen, 0( 3 D) and 02 (a 3 A £ ) [6,7]. CX 3 D) is rapidly quenched to the ground 
state, 0( 3 P), by N 2 on a submicrosecond time scale at pressures greater than 1 torr 
[ 8 ]; hence, further 0( 3 D) reactions can be neglected in kinetic experiments performed 
at higher pressures of N 2 . However, CMc^Aj) is long lived and in 0( 3 P) kinetics 
experiments with high O 3 concentrations used as the photolyte, the reaction of 
02 ( 0 ^^) with O 3 can generate 0( 3 P): 

( 1 ) 0 2 (^A* ) + 0 3 0( 3 P) + 2 0 2 
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Id such experiments it is desirable to employ an 02(0^*) quenching agent such as 
CF3NO so that 0( 3 P) regeneration is minimized. 

A stringent criterion for the use of CFsNO as an 02 (g ! A^) quenching agent in 0( 3 P) 
kinetics experiments is that it has a slow rate coefficient for reaction with CX 3 P). 

(2) O^P) 4 CF3NO ► products 

In this article we report a kinetics study of reaction of CX 8 P) with CF3NO. Reaction 
(2) was studied at pressures of 25, 100, and 400 torr N2 and over the temperature 
range 243-424 K There are no previous kinetic data reported for reaction (2). 

Experimental Technique 

A laser flash photolysis-resonance fluorescence technique was employed to study 
the kinetics of reaction (2). CX S P) was generated by 266 nm laser flash photolysis of 
O3 in the presence of 25, 100, or 400 torr of N2: 

(3a) 0 3 4 M266 nm) 0( ] D) 4 C^A*) 

(3b) 0( S P) 4 0 2 (X 3 !;) 

(4) 0( ] D) 4 N 2 0( 3 P) 4 N 2 

About 88% of the photolytically produced O atoms are in the *D electronically 
excited state [7]. Experimental conditions were such that 0( ! D) was always quenched 
by N2 on a time scale much faster than that for occurrence of reaction (2), i.e., 
A 4 [N 2 ] *> * 2 [CF 3 NO] (* 4 * 2.6 x 10" 11 cm 3 molecule" 1 6~ 1 [8-10]). Pseudo-first-order 
conditions were employed with [CF3NO] [0( 3 P)]. The photolytic light source for O 
atom production was fourth harmonic radiation from a Nd:YAG laser (Quanta-Ray 
Model DCR-2). The laser could deliver up to 3 x 10 16 photons per pulse at a repetition 
rate of up to 10 Hz; the laser pulse width was 5 ns. 

The laser flash photolysis-resonance fluorescence apparatus used in this study 
was similar to one which we have previously employed to study a number of O 
atom reactions with stable molecules [6,8,11-16]. A schematic of the experimental 
apparatus has appeared previously [6], and the important features of the apparatus 
are described below. 

All experiments employed a pyrex, jacketed reaction cell with an internal volume of 
150 cm 3 and a cross-sectional area of 12.5 cm 2 ; a schematic diagram of the reaction 
cell is given elsewhere [17]. The cell was maintained at a constant temperature by 
circulating ethylene glycol or methanol from a thermostated bath through the outer 
jacket. Between experiments, a copper-constantan thermocouple with a stainless steel 
jacket was inserted into the reaction zone through a vacuum seal. Thus, the gas 
temperature was measured under the precise pressure and flow rate conditions of 
the experiment. 

An 0( S P) resonance lamp was situated perpendicular to the photolysis laser beam. 
The vacuum UV output radiation of this resonance lamp excited 0( 3 P) resonance 
fluorescence in the photolytically produced O atoms. The resonance lamp consisted 
of an electrodeless microwave discharge through about one torr of a flowing mixture 
containing a trace of O2 in He. The flow of a 0.1% O2 in He mixture and pure He 
into the lamp were controlled by separate needle valves, thus allowing the total 
pressure and O2 concentration to be adjusted for optimum signal-to-noise. Radiation 
was coupled out of the lamp through a MgF2 window and into the reaction cell through 
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a MgF2 lens. Dry N2 was used as a purge gas in the volume between the lamp window 
and the cell lens to exclude room air and thus allow transmission of vacuum-UV 
radiation. 

Fluorescence from excited CX S P) atoms within the reaction zone was collected by a 
MgF 2 lens on an axis orthogonal to both the photolysis laser beam and the resonance 
lamp beam and imaged onto the photocathode of a solar blind photomultiplier. The 
region between the reaction cell and the photomultiplier was purged with dry N2 
and contained a CaF 2 window to prevent detection of Lyman -o emission from the 
resonance lamp. The fluorescence signals were processed using photon counting 
techniques in conjunction with multichannel scaling. For each CX S P) atom decay rate 
measured, signals from a large number of laser shots (500 to 15,000) were averaged 
to obtain a well-defined temporal profile over (typically) three 1/e lifetimes of decay. 
The multichannel analyzer 6weep was triggered approximately 3.2 ms prior to the 
photolysis laser in order to allow’ a fluorescence background baseline to be obtained 
immediately before the laser flash. 

All experiments were carried out under *slow flow'” conditions so as to avoid 
accumulation of photolysis or reaction products. The linear flow rate through the 
reactor was typically around 2 cm s" 1 and the laser repetition rate was 10 Hz. 
Hence, no volume element of the reaction mixture was subjected to more than two or 
three laser shots. The reactant CF3NO was flowed from 12 L bulbs containing dilute 
mixtures in N2 buffer gas into an absorption cell, which was used for in situ CF3NO 
concentration determination as described below. N2 buffer gas was mixed into the 
reactant flow* before the absorption cell. The flow from a 12 L bulb containing O3 
diluted with N2 was injected into the reaction cell through a 1/8 inch o.d. Teflon tube 
positioned such that the O3 mixed with other components about 1 to 5 cm upstream 
from the reaction zone. 

The concentration of CF3NO was measured in situ by UV photometry at 202.6 nm 
using an absorption cell with a 200.3 cm path length and a zinc hollow cathode 
lamp light source (which emitted the 202.6 nm Zn* line). Because the output of the 
zinc lamp includes several other strong lines in the same wavelength region, it was 
necessary to isolate the 202.6 nm line with a 0.25 m monochromator (Jarrell-Ash) 
positioned at the exit from the absorption cell. A side-on photomultiplier connected 
directly to the exit aperture of the monochromator provided the signal detection and 
a 4V2 place digital picoammeter provided the signal readout. A CF3NO absorption 
cross section of (6.08 ± 0.10) x 10” 19 cm 2 at 202.6 nm (error is 2<7, precision only) 
was determined with a separate 10.0 cm path length absorption cell and was the 
value used for all CF3NO in situ and bulb concentration determinations. 

In addition the photometric measurements, the CF3NO concentration in the re- 
action mixture was also determined from measurements of the flow rate of the 
CF3NO/N2 mixture, the total flow rate, the cell pressure, and the known CF3NO/N2 
bulb concentration. There was good agreement between the CF3NO concentration 
measured in 6itu and the values calculated from the flow rate measurements. How- 
ever, the reported £2 values are based upon the CFsNO concentrations determined 
from the in situ photometry measurements; the flow rate based measurements 
averaged 7.4% less. 

One experiment was performed using in situ visible photometry at 632.8 nm to 
determine the CF3NO concentration. The same 200.3 cm length absorption cell was 
used, but a HeNe laser replaced the zinc hollow cathode lamp as the radiation source. 
A diffuser w*as placed in front of the monochromator entrance slit to attenuate the 
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probe beam and prevent saturation of the photomultiplier. A CF3NO absorption 
cross Bection of (4.26 ± 0.28) X 10' 20 cm 2 was determined with a separate 10.0 cm 
path length absorption cell and was the value used for all CFsNO concentration 
determinations at 632.8 nm. The ^2 value determined with visible photometry was 
in good agreement with the experiments which used 202.6 nm as the wavelength for 
CF3NO monitoring. 

The concentration of O3 in the reaction mixture was determined from measurements 
of the appropriate mass flow rates, the total pressure, and the known O3 bulb 
concentration. The determination of the Os concentration in the O3/N2 bulb used 
the in situ UV photometry apparatus described above. At 202.6 nm the O3 absorption 
cross section is 3.2 X 10' 19 cm 2 [2]. 

The He and N2 gases used in this study had stated minimum purities of 99.999% 
and were used as supplied. Ozone was prepared in a commercial ozonator using UHP 
oxygen (99.99%). It was collected and 6tored on silica gel at 195 K, and degassed at 
77 K before use. The CF3NO (95% minimum purity) was obtained from PCR, Inc. 
and was degassed twice at 77 K before each use. The IR spectrum of the degrassed 
CF3NO agreed with that reported in the literature [18]. The CF3NO was also analyzed 
for the presence of the dimer, (CFshNONO, and NO2 by UV-Visible absorption 
spectroscopy. (CFs^NONO was monitored at 372 nm, where the absorption cross 
section is 6.38 x 10’ 20 cm 2 [19]; the CF3NO absorption cross section at 372 nm is a 
factor of 640 lower [20]. The upper limit mole fraction of dimer present was determined 
to be 0.05%. No NO2 absorption features were observed in the visible region. The 
CF3NO gas was used without further purification. 

Results and Discussion 

All experiments were carried out under pseudo-first-order conditions with CFsNO in 
large excess over 0( 3 P). Thus, in the absence of secondary’ reactions which enhance or 
deplete the 0( 3 P) atom concentration, the 0( 3 P) atom temporal profile is dominated 
by the reactions 

(2) 0( 3 P) + CF3NO • products 

(5) 0( 3 Pj — loss by diffusion from the detector field of 

view and/or reaction with background impurities. 

The background 0( 3 P) loss rate, k s , was typically 35-45 s' 1 for P « 100 torr. The 
reaction of 0( 3 P) with O3 can be neglected as an 0( 3 P) atom loss mechanism since 
the rate coefficient is small [2] and O3 concentrations were relatively low (Table I). 
Similarly, generation of 0( S P) by reaction (1) can be neglected. Integration of the rate 
equations for the above scheme yields the following simple relationship: 

(I) ln{S 0 /S<} - (* 2 [CFsNO] + * 5 )t - k r 2 t 

In eq. (I), So is the CX 3 P) fluorescence signal at a time shortly after the laser fires and 
S* is the CX S P) fluorescence signal at time t. The bimolecular rate coefficient, *2, is 
determined from the slope of a k '2 vs. [CFsNO] plot. 

For the 0( 3 P) + CF3NO reaction, the 0( 3 P) temporal profiles were found to be 
exponential and the 0( 3 P) decay rates were found to increase linearly with increasing 
CF3NO concentration, i.e., the kinetic observations are consistent with eq. (I). The 
observed pseudo-first-order decay rates were found to be independent of laser photon 
fluence and O3 concentration. This set of observations, coupled with the photometric 
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Table I. Kinetic data for the reaction of 0( 8 P) with CF 3 NO. 


Temp. 

CK) 

Press 

(torr) 


Concentrations* 

Laser 

Fluence 

(mJ/cm 2 ) 

Number 

of 

Expts. c 

^2 m.. 

(I* 1 ) 

10 13 *1 

(cm 3 molecu]e" 1 e _1 ) 

0 3 

O 

CF s NO b 

243 

100 

22 . 

0.29 

623 - 3150 

1.0 

5 

1550 

4.75 - 0.17 

264 

100 

20 . 

0.24 

876-2700 

0.9 

5 

1540 

5.43 2 0.25 

296 

26 

10 . 

1.4 

195-1130 

11 . 

5 

014 

7.13 i 0.10 

297 

100 

7.1 

0.27 

227-1176 

3.0 

7 

898 

7.14 i 0.054 

298 

100 

66 . 

0.79 

4580-15800* 

1.1 

5 

10570 

6.69 ± 0.80* 

299 

100 

66 . 

0.22 

693-2270 

0.3 

4 

1720 

7.24 ± 0.44 

299 

100 

4 4 

0.25 

675-2410 

4.4 

4 

1710 

6.93 i 0.62 

301 

100 

8.0 

0.17 

332-2180 

1.7 

5 

1560 

6.84 ± 0.35 

297 

400 

7.7 

0.96 

256-759 

10 . 

5 

759 

6.92 - 0.44 

346 

100 

7.7 

0.14 

810-1840 

1.4 

5 

938 

8.91 i 0.27 

424 

100 

11 . 

0.26 

122-1210 

1.8 

5 

1620 

12.6 - 0.93 


•Concentration units are 10 12 molecules cm" 3 . 
b CF 3 N 0 concentration based on in aitu UV photometry at 202.6 nm. 
Experiment * measurement of one CX 3 P) temporal profile. 
d Errors are 2 o and represent precision only. 

•CF 3 NO concentration based on in situ visible photometry at 633 nm. 


impurity analyses described above, strongly supports the contention that reactions 
(2), (4), and (5) are the only processes which affected the post-laser-flash 0( 3 P) time 
history in these experiments. 

Results from our study of reaction (2) are summarized in Table I. Experiments 
at room temperature (296-301 K) were performed with variations in laser fluence 
(0.3-11 mj cm” 2 ), O3 concentration (4.4-56 x 10 12 molecule cm" 3 ), initial 0( 3 P) Coii- 
centration (0.17-1.4 x 10 12 atoms cm" 3 ), and N 2 pressure (25, 100, and 400 torr). The 
rate coefficient, *2, is found to be independent of pressure over the range 25-400 torr 
and at 298 K has the value *2(298 K) — (6.98 ± 0.39) x 10" 13 cm 3 molecule" 1 s" 1 
(errors are 2(7, precision only). *2 was found to increase with increasing temperature 
over the range 243-424 K Typical 0( 3 P) temporal profiles are shown in Figure 1 
while *2 vs - [CF3NO] plots for data taken at 264 K, 299 K, and 424 K and P = 
100 torr are shown in Figure 2. 

An Arrhenius plot for reaction (2) is shown in Figure 3. A linear least-squares 
analysis of the In *2 v s. l/T data gives the Arrhenius expression 

(III) k 2 (T) « (4.54 ± 0.70) x 10” 12 exp[(-560 ± 46)/T] cm 3 molecule” 1 s’ 1 . 

Errors in the above expression are 2 a and represent precision only. The estimated 
absolute uncertainty (2(7) in k 2 {T) at any temperature within the range of this study 
is ±209c. To our knowledge, there have been no previous kinetics studies of the 
0( 3 P) + CF3NO reaction with which to compare our results. 

Possible sources of systematic error in this study include secondary reactions arising 
from the 266 nm photolysis of CFsNO 

(6) CF3NO 4 hv ( 266 nm) CF 3 4 NO. 

Both photolysis products, CF3 and NO, consume 0( S P) 

(7) 0( S P) 4 CF 3 CF 2 0 4 F 

(8) 0( 3 P) 4 NO 4 N 2 N0 2 4 N 2 
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Figure 1. Typical CX 3 P) temporal profiles Experimental conditions: T * 299 K; 
P « 100 torr N2; [O3] * 5.6 x 10 13 molecules cm' 3 ; [0( 3 P)]o * 2.2 x 10 11 atoms 
cm' 3 ; [CF3NO] in units of 10 14 molecules cm' 3 — (a) 0.0, (b) 5.93, and (c) 22.7; number 
oflaser shots averaged — (a) 2000, (b) 1500, and (c) 4000. Solid lines are obtained from 
least-squares analyses and give the following pseudo-first-order decay rates in units of 
s' 1 : (a) 44, (b) 489, and (c) 1720. 



Figure 2. Plots of k' 2 v«. ICFgNO] for data obtained at T - 424 K, 299 K, and 264 K 
and P * 100 torr. Solid lines are obtained from linear least-squares analyses and give 
the following rate coefficients in unit* of 10' 13 cm 3 molecule' 1 s' 1 : 5.43 £ 0.25 at 
264 K, 7.24 i 0.44 at 299 K, and 12.6 2 0.93 at 424 K, errors are 2a, precision only. 
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450K 350K 250K 



1000/T (K‘) 


Figure 3. Arrhenius plot for the 0( S P) *+ CF 3 NO reaction. Solid line is obtained from a 
least*square 6 analysis of all data. Circles are data obtained at P — 100 to it. The triangle 
and square are data obtained at P * 25 and 400 torr, respectively. The diamond is 
data obtained at 100 torr with [CF 3 NO] determined in gitu by visible photometry at 
632.8 nm. Error bars are 2 <7 and represent precision only. 


However, at 298 K and 400 torr total pressure, reaction (7) is approximately 30 
times faster than reaction (8) (with k 7 -= 3.1 X 10" 11 cm 3 molecule"^" 1 [20] and 
*g(400 torr) « 9.6 x 10" 13 cm 3 molecule"^" 1 [2]). Even at the highest laser fluence 
and CF3NO concentrations used (11 mj/cm 2 and 1.13 x 10 15 molecule cm" 3 ), the 
initial CF3 concentration is only 1.2 x 10 11 molecule cm" 3 because of a low CF3NO 
absorption cross section at 266 nm (1.34 X 10" 21 cm 2 [21]). Thus, the pseudo-first- 
order decays do not require correction for reactions (7) and (8). 

Another possible source of systematic error is 0( 8 P) consumption from impurities 
present in the CF3NO sample. In particular, exposure of CF3NO to light results 
in production of (CFa^NONO (O-nitrosobis(trifluoromethyl)hydroxylamine). The rate 
coefficient for reaction (9) is unknown. 

(9) 0( S P) + (CFa) 2 NONO — products 

To assess the potential role of reaction (9) as a kinetic interference in our study 
of reaction (2), a crude measurement of k$ was carried out. A sample of CF3NO in 
a 1-liter pyrex bulb was irradiated for 90 h with a tungsten-halogen lamp; a glass 
cut-off filter prevented radiation at wavelengths shorter than 580 nm from entering 
the bulb, thus minimizing secondary photolysis of CF3NO photo-products. UV-visible 
spectral analysis of the sample after irradiation (and degassing at 77K) showed that 
(CFs^NONO and NO2 were present at approximately a 20:1 concentration ratio, and 
that about 85% of the CF s NO was converted to (CFs^NONO. Mason [22] has reported 
observation of CF s N0 2 , CF3NCF2, (CFs^NNOa, N 0 2 F, NOF, NO, N 2 0 , C 0 2 , and 
SiF< as minor products of the photochemical degradation of CFsNO. When the laser 
flash photolysis-resonance fluorescence technique was employed to study the kinetics 
of the reaction of 0 ( 3 P) with the irradiated mixture, an apparent rate coefficient 
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of 2.1 x 10” 13 cm 3 molecule“ 1 6“ 1 was obtained; this rate coefficient was found to be 
independent of pressure (25-100 torr) and temperature (298-369 K). Considering 
that the 0( 3 P) + NO2 rate coefficient is approximately 1.0 X 10” 13 cm 3 molecule” 3 s” 3 
over the temperature range of this study [2], these observations suggest that *9 < 
3 x 10” 33 cm 3 molecule" 1 s" 3 . Therefore, in our studies it was always the case that 
kz/kg ^ 0.016 (see Table I). Since the spectrophotometric analyses discussed above 
demonstrated that the mole fraction of (CFs^NONO in the CF 3 NO sample was 
^0.0005, we conclude that reaction (9) could contribute no more than a few percent 
to observed reactivity in the low temperature studies of reaction (2) and even less at 
higher temperatures. 

Excited state chemistry also represents a potential source of systematic error. The 
quenching of 02(a 3 Aj) by CF s NO is believed to occur via an excitation transfer 
mechanism which forms a low-energy CF3NO* triplet state [3]. Reaction of O3 with 
CF3NO* could yield 0( 8 P) 

(10) CF3NO* + 0 3 0( 3 P) 4 0 2 + CF3NO 

It is, however, very unlikely that reaction (10) occurs. It is not energetically favored; 
the O — O2 bond dissociation energy in O3 is 25.5 kcal mol” 3 which is 3.0 kcal mol” 3 
higher than the electronic energy possessed by 02(a 3 A*). Furthermore, vibrational 
relaxation of CFsNO would be expected to compete favorably with the CF3NO* + O3 
reaction under the conditions of our experiments, i.e., [N2MO3] > 10 5 . 

Using a A Hf value for CF3NO of -132.2 kcal mol” 3 (obtained from a shock tube 
study of the thermal dissociation of CF3NO [23]), there appear to be four energetically 
accessible product channels for reaction (2): 


(2a) 

0( 3 P) + CF3NO CF 3 + N0 2 

AH * -31.5 kcal mol 1 

(2b) 

CF 2 0 + FNO 

AH “ -96.4 kcal mol -1 

(2c) 

C0 2 ■+ NF 3 

AH « -52.9 kcal mol" 1 

(2d) 

— CF3NO2 

AH -? 


The results reported in this study do not provide information concerning the product 
branching ratio, although reactions (2a) and/or (2b) would appear to be the most 
likely reaction channel(s). The observed independence of kz to significant variations 
in pressure argues against the occurrence of reaction (2d) while the large number 
of (very strong) chemical bonds which must be broken and formed argues against 
the occurrence of channel (2c). Further studies aimed at quantitative detection of 
reaction products would be of interest. 

Summary 

The laser flash photolysis-resonance fluorescence technique has been employed to 
study the temperature dependence of the thermal rate coefficient for reaction (2); this 
represents the first kinetics study of the CX 3 P) + CF 3 NO reaction. The temperature 
dependence of ^2 is adequately described by the following Arrhenius expression: 
*2 * (4.54 ± 0.70) x 10” 12 exp[(-560 ± 46)77"] cm s molecule” 3 s” 3 . The absolute un- 
certainty in the measured rate coefficient at any temperature within the range studied 
is estimated to be ±20%. Reaction (2) is sufficiently fast to preclude use of CFsNO 
as a selective quencher for 02(a 3 Aj) in laboratory systems where 0( 3 P) kinetics are 
being investigated. 
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A novel dual laser flash pbotolysis-long path absorption-resonance fluorescence technique has been 

employed to study the kinetics of the important stratospheric reaction 0( 3 Pj) + Br0-^Br( 2 Pj) 
4-62 as a function of temperature (231-328 K) and pressure (25-150 Torr) in N 2 buffer gas. The 
experimental approach preserves the principal advantages of the flash photolysis method, i.e., 
complete absence of surface reactions and a wide range of accessible pressures, but also employs 
techniques which are characteristic of the discharge flow method, namely chemical titration as a 
means for deducing the absolute concentration of a radical reactant and use of multiple detection 
axes. We And that is independent of pressure, and that the temperature dependence of kj is 
adequately described by the Arrhenius expression *i(7) = 1.91 Xl0* n exp(230/7) 
cm 3 molecule * 1 s’ 1 ; the absolute accuracy of measured values for k } is estimated to vary from 
*20% at 7—230 K to ±30% at 7—330 K. Our results demonstrate that the O^/^ + BrO rate 
coefficient is significantly faster than previously “guesstimated,” and suggest that the catalytic cycle 
with the 0( 3 P/)+BrO reaction as its rate-limiting step is the dominant stratospheric BrO* 
odd-oxygen destruction cycle at altitudes above 24 km. C 1995 American lnstituu of Physics. 


I. INTRODUCTION 

The reaction of ground state oxygen atoms, O ( 3 Pj), with 
BrO radicals is the rate determining step in a catalytic cycle 
via which bromine destroys odd oxygen in the middle 
stratosphere 1 " 3 

0( 3 / > y)4- BrO— ►Br( 2 / > y)4-0 3 (1) 

Bri 2 /> 3/2 ) + 0 3 -BrO+0 2 (2) 

Net: CK 3 /\,) + 0 3 ->20 2 . 

Reactive BrO, radicals are produced in the stratosphere pri- 
marily by photodissociation of methyl bromide (CH 3 Br) and 
the halons CF 3 Br, CF 2 ClBr, and CF 2 BrCF 2 Br 4 

No direct measurements of have been reported, al- 
though Gyne et ai obtained the estimate k,(298 
K)=2.5xl0” n cm 3 molecule ’ 1 s ’ 1 (factor of 2 reported un- 
certainty) based on observation of secondary C X 3 Pj) con- 
sumption and Brt 2 /^) production in a study of 0( 3 Pj)+Br 2 
kinetics 5 High quality kinetic data for reaction (1) are 
needed to facilitate quantitative understanding of the role of 
the above catalytic cycle in stratospheric chemistry. Further- 
more, reaction ( 1 ) is a likely side reaction in laboratory stud- 
ies of the Br 2 -0 3 photochemical system, so knowledge of 


'^Present address Libortiory for Extmerrtstnal Physics. NASA Goddard 
Space Flight Center. Code 691, Greer belt, Maryland 20771. 


kj(7) would assist interpretation of experiments designed to 
study other important BrO, reactions. Finally, comparison of 
kinetic data for reaction ( 1 ) with available data for other 
O( 3 Pj)+X0 reactions (X=G,OH,H ,...) 6 could prove useful 
for refining theoretical procedures for calculating radical- 
radical reaction rates. 

In this paper we report the results of a direct kinetics 
study of reaction (1) as a function of temperature (231-328 
K) and pressure (25-150 Ton). A dual laser flash photolysis- 
long path absorption — resonance fluorescence technique 
(DLFP-LPA-RF) has been employed in our study. This novel 
experimental approach, which features simultaneous time- 
resolved detection of BrO (by long path absorption) and 
O { 3 Pj) (by atomic resonance fluorescence) has evolved from 
our earlier studies of 0< 3 Pj)+H0 2 (Refs. 7 and 8 ) and 
0( 3 Py)+O0 (Ref. 9) reaction kinetics. We find that, under 
midstratospberic conditions, reaction ( 1 ) is considerably 
faster than previously thought; the implications of this result 
for stratospheric BrO, chemistry are discussed 

1 

P. EXPERIMENTAL TECHNIQUE AND KINETIC 
SCHEME 

The DLFP-LPA-RF technique preserves the principal ad- 
vantages of the flash photolysis method, i.e., the complete 
absence of side reactions catalyzed by wall surfaces and a 
wide range of accessible pressures, while also incorporating 
some advantages normally associated with the discharge 
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flow method, 10 namely chemical titration as a means for de- 
ducing the absolute concentration of a radical reactant and 
employment of multiple detection axes. Although the two 
free radical reactants cannot be generated in spatially sepa- 
rated regions (as they can in the discharge flow method), 
some chemistry complications can be avoided by controlling 
the time delay between generation of the two reactants. Be- 
cause the experimental approach is to some extent dictated 
by the nature of secondary chemistry complications, the ex- 
perimental technique and the kinetic scheme are best pre- 
sented in a single section of the paper. 

Consider a mixture of N 2 , 0 3 , and Br 2 with 
[N2]>[0 3 ]>[BrJ. When this mixture is subjected to flash 
photolysis at 248.4 nm (KrF laser), the only species which 
undergoes significant photodissociation is 0 3 

0 3 + M248.4 nm)-0( , /5 2 )*f0 2 (fl l A g ) (3a) 

-+OpF,)+O a HX *2;). (3b) 

The yields of singlet and triplet photoproducts are 0.91 and 
0.09, respectively. 11 Since N 2 is present in large excess over 
0 3 and Br 2 , essentially all generated by the 

photoflash is rapidly quenched by N 2 

0('D 2 ) + N 2 -*0( 3 /\,) + N 2 . (4) 

The rate coefficient for the quenching reaction at 298 K is 
* 4 =2.8X 10” 11 cm 3 molecule” 1 s” 1 with tittle or no tempera- 
ture variation. 6 Suppose that the concentration of oxygen at- 
oms created by the photoflash is greater than the concentra- 
tion of Br 2 initially present in the reaction mixture; then Br 2 
can be titrated to BrO via the following reactions: 

0( 3 / > y ) + Br 2 -Bi0+Br( 2 / > / ). (5) 

Br^Pj/zHOj-BrO+Oj. (2) 

Reaction (5) is sufficiently exothermic to generate atomic 
bromine in the spin-orbit excited electronic state Br( : P \n)- 
However, if experimental conditions are maintained where 
[N 2 J^ > [0 3 ], then relaxation of B r( 2 P ir2 j to v * a col- 

lisions with N 2 is rapid compared to the time scale for 
Br^Pyj) reaction. 12 Any excess 0( 3 Pj) remaining after con- 
sumption of all Br 2 would be expected to react with 0 3 di- 
rectly via reaction (6) or (primarily) via the catalytic cycle 
composed of reactions (1) and (2) 

0( 3 />,) + 03-20 2 . (6) 

If the chemistry in the 0 3 -Br 2 -N 2 photolysis system 
were completely described by reactions ( 1 )— (6), and if ex- 
perimental conditions could be adjusted such that the rate of 
O ( 3 Pj) consumption by the slow 6 reaction (6) was negligible 
compared to its rate of consumption by Br 2 and BrO, then k l 
could be evaluated based on measurements of the ( X*Pj) 
decay rate at long times after the laser flash when Br 2 had 
been quantitatively converted to BrO; under such conditions 
the decay of O ( 3 Pj) would be essentially pseudo-first-order 
since BrO lost by reaction with 0( 3 Pj) would be regenerated 
via reaction (2). Unfortunately, the following side reactions 
complicate the measurement of k , : 

BrO + BrO— » 2 Br( 2 Pj ) + 0 2 (7a) 


— »Br 2 +0 2 , (7b) 

0 2 (a 1 A,) + 0 3 -O ( 3 Pj) + 20 2 . (8) 

Reaction (7) is moderately fast [* 7 (298 K)=2.7xlO" 12 
cm 3 molecule” 1 s” 1 ]; both the absolute rate coefficient and 
the branching ratio for reaction (7) are well established over 
the range of temperature employed in this study. 13-16 Fortu- 
nately, regeneration of Br 2 via reaction (7) is relatively slow 
because reaction (7b) is the minor channel. 13 " 16 

Although it is quite slow [* g (298 K)*3.8xlO" 15 
cm 3 molecule” 1 s” 1 ; £^=5.65 kcalmol" 1 ], 6 reaction (8) 
has a profound effect on observed 0( 3 Pj) temporal profiles. 
Instead of decaying rapidly to zero concentration via reac- 
tions (1) and (5), the O ( 3 Pj) concentration reaches a near- 
steady -state level at long times after the laser flash where 
loss via reactions (1) and (5) is counterbalanced by produc- 
tion via reaction (8). The occurrence of reaction (8) severely 
complicates the evaluation of k ! from observations of O ( 3 P j) 
kinetics. 

One approach for circumventing the kinetic complica- 
tions caused by the occurrence of reaction (8) is to identify a 
quencher which efficiently converts 0 2 (a ! Aj) to 
O^X 3 2 g ) but does not otherwise interfere with the chem- 
istry under investigation. Rate coefficients for quenching of 
0 2 (fl 1 A # ) by small molecules are typically very slow 
(10” ,6 -10" 18 cm 3 molecule” 1 s” 1 for many quenching reac- 
tions which have been studied). 17 One exception is CF 3 NO, 
which quenches 0 2 (a 1 A / ) very efficiently [*(298 
K)=»3xi0” 12 cm 3 molecule” 1 s” 1 ]. 17 We find that CF 3 NO 
also reacts rather rapidly with O ( 3 Pj) [*(298 K)=*6.9x 10” 13 
cm 3 molecule" 1 s” 1 ]. 18 Hence, a suitable 0 2 (a , A | ) 
quencher for use in our kinetics experiments could not be 
identified. 

A second more successful approach for circumventing 
the kinetic complications caused by the occurrence of reac- 
tion (8) involves the use of a second photolysis laser. Once 
the concentration of 0( 3 P j) has reached its near-steady-state 
level (typically 10-50 ms after the KrF laser fires) a second 
pulsed laser operating at 532 nm (second harmonic, Nd:YAG 
laser) photolyzes a small fraction of the remaining ozone 

0 3 + M532 nm)-0( 3 />,) + 0 2 (X %’). (9) 

Computer simulations employing typical experimental con- 
ditions strongly suggest that the decay of the additional 
O ( 3 Pj) produced by the 532 nm laser back to the near- 
steady-state level is dominated by reaction (1). 

A schematic diagram of the DLFP-LPA-RF apparatus is 
shown in Fig. 1, and important experimental details are dis- 
cussed below. 

A jacketed boros ili cate glass reaction cell was used in all 
experiments. Thermostated liquids (ethylene glycol-water 
mixture or methanol) were circulated through the jacket to 
control the reaction cell temperature (for the sake of clarity, 
the jacket is not shown in Fig. 1). Measurement of the tem- 
perature in the reaction zone under the precise pressure and 
flow conditions of the experiment was accomplished as de- 
scribed previously. 19 The main body of the reaction cell was 
a 29.5 cm by 21.5 cm cross which was 4.0 cm in diameter. 
The longer axis was used for BrO detection while the pho 
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FIG. 1. Schematic diagram of the dual laser flash photolysis- long path absorpooc-resonaoce fluorescence apparatus 


tolysis lasers counterpropagated along the shorter axis. At the 
center of the cell were three additional 1.5-cm-i.d. sidearms. 
Radiation from an atomic resonance lamp entered the cell 
through the upper sidearm and exited through the lower side- 
arm. The resonance fluorescence signal was collected 
through the third sidearm, which was in the same plane as 
the BrO and photolysis axes. 

The KrF laser (248.4 nm) could deliver up to 1X10 18 
photons per pulse at a repetition rate of ^10 Hz; the pulse 
width was 25 ns. The laser beam was passed through a beam 
expanding telescope, then reflected off a segmented aperture 
optical integrator (SAOI) and an aluminum mirror into the 
reaction cell. A 1 -cm- wide aperture selected only the central, 
most spatially uniform section of the beam. The use of the 
SAOI to obtain spatially uniform photolysis laser beams is 
discussed in earlier publications from our laboratory . 7-20 The 
fiuence of the 248.4 nm laser beam was measured using a 
photodiode-based radiometer which was capable of measur- 
ing individual pulses. Immediately before and after acquisi- 
tion of each temporal profile, 20 laser shots were averaged to 
obtain a statistically meaningful laser fiuence. For this mea- 
surement, the aluminum mirror was moved out of the beam 
path and the radiometer was positioned the same distance 
from the mirror as was the center of the reaction cell. The 
fiuence at the center of the reaction cell was taken to be the 
fiuence measured by the radiometer corrected for losses upon 
reflection off the aluminum minor, transmission through the 
reaction cell entrance window, and reflection off the reaction 
cell exit window. Calibration of the radiometer was achieved 
using an ozone actinometry technique which is described in 
detail elsewhere . 7 

The second harmonic Nd:YAG laser (532 nm) could de- 
liver up to 3X10 17 photons per pulse at repetition rates of 


10/n Hz (/! = 1,2,3,...); the pulse width was approximately 7 
ns. The 532 nm beam was much smaller than the optically 
integrated 2484 nm beam. It propagated through the middle 
of the region irradiated by the 248.4 nm beam. 

The triggering scheme used for synchronizing the firing 
of the excimer laser, the Nd:YAG laser, and the signal acqui- 
sition electronics was somewhat more complex than sug- 
gested schematically in Fig. 1 . The design of the triggering 
scheme was based on the requirements that ( 1 ) the Nd:YAG 
laser flash lamps must flash at a rate of 10 Hz while chem- 
istry considerations (see below) require a much lower repeti- 
tion rate for the two-laser sequence passing through the re- 
actor and (2) the Nd:YAG laser must be Q -switched 
approximately 3.2 ms after triggering of the Nd:YAG laser 
firing sequence, but only for the small fraction of flash lamp 
firings when second-harmonic radiation is desired. A sche- 
matic diagram containing details of the triggering scheme, 
which requires a pulse generator, two digital delay genera- 
tors, and a divider network, is shown elsewhere . 21 

The concentration of BrO was monitored using multi- 
pass UV absorption at 338.3 nm, the peak of the strong 7-0 
band of the A 2 ir system. Details of the technique and 

its application to BrO detection are discussed elsewhere . 22 To 
minimize photolysis of O 3 by the xenon arc lamp probe light 
source, a Pyrex filter was inserted between the arc lamp and 
the multipass optics. Reflective losses in the multipass sys- 
tem were minimized by using White cell 23 mirrors coated for 
high reflectivity around 338 nm and reaction cell windows 
coated for maximum transmission around 338 nm. In pre- 
liminary experiments, absorption of multipass radiation by 
molecular chlorine at 330, 338, and 346 nm was employed to 
test the effective multipass absorption path length. At all 
three wavelengths, the path length calculated from the G 2 
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absorption measurements was equal within a few percent to 
the path length estimated by multiplying the measured length 
of the reaction cell by the number of passes (evaluated by 
counting the UV spots impinging on a piece of fluorescent 
paper moved across the White cell mirrors). Typically, the 
White cell was adjusted for 30 passes. As discussed above, a 
mask limited the width of the 248.4 nm photolysis beam to 
1.0 cm, thus giving an absorption path length for BrO detec- 
tion of 30 cm. On e ocher modification from our earlier 
approach 22 was the installation of masks with a 1.9 cm 
height aperture at both reaction cell windows aloog the BrO 
detection axis; this ensured complete spatial overlap of the 
BrO detection volume and the 248.4 nm photolysis region. 
The slits on the 0.22 m monochromator which isolated 338.3 
nm radiation were each set at widths of 100 /im, giving a 
resolution of 0.36 nm; this monochromator resolution is very 
close to the 0.4 nm resolution employed to obtain the best 
available measurements of BrO absorption cross sections. 24 
Since we find that the observed BrO absorption cross section 
at 338.3 nm is independent of resolution within the range 
0.25-0.50 nm, the BrO absorption cross section values at 
338.3 nm of 1.55 X10 - ' 7 cm 2 at 298 K and 1.95X10" 11 cm : 
at 223 K which were reported by Wahner et aL 24 can be used 
to con vert the measured BrO absorbance to a concentration 
(as long as the absorption path length is accurately known). 
Radiation exiting the monochromator was detected by a pho- 
tomultiplier, the time -dependent output from which was 
monitored on channel A of a dual channel signal averager 
with 1.5 fis time resolution and 10 bit voltage resolution. 

Time-resolved detection of 0(*Pj) was accomplished us- 
ing the resonance fluorescence technique 7 " 9,1 1,11 An atomic 
resonance lamp, mounted above the reaction cell and perpen- 
dicular to both the photolysis and BrO detection axes, ex- 
cited resonance fluorescence in photolytically generated 
0( 3 P j ) atoms. The resonance lamp consisted of an electrode- 
less microwave discharge through about 1 Ton of a flowing 
mixture containing a trace of Oj in He. The vacuum-UV 
resonance radiation (at about 130 nm) was coupled out of the 
lamp through a magnesium fluoride window and into the 
reaction cell through a magnesium fluoride lens. The region 
between the lamp window and the cell lens was purged with 
dry N 2 . Fluorescence was collected by a magnesium fluoride 
lens on an axis orthogonal to the resonance lamp beam and 
imaged onto the photocatbode of a solar blind photomulti- 
plier. The region between the reaction cell and the photomul- 
tiplier was purged with dry N 2 ; in addition, t calcium fluo- 
ride window was inserted into this region to prevent 
detection of Lyman- a emission from hydrogen impurity in 
the lamp discharge. Signals were processed using photon 
counting techniques in conjunction with multichannel scal- 
ing. Channel B of the dual channel signal iverager could be 
operated in the multichannel scaling mode [for 0( 3 Pj) detec- 
tion] while, simultaneously, channel A was operated in the 
analog mode (for BrO detection). 

Typically, 256-1024 pain of flashes were averaged to 
obtain 0( 3 P j) and BrO temporal profiles with sufficient sig- 
nal to noise to allow quantitative kinetic analysis. The sbot- 
to-shot stability of the 248.4 nm laser was about ±10%. 
Because BrO was produced under conditions where 


[O( 3 / > </ )] 0 >[Br 2 ] 0 , i.e., under conditions where Br 2 was ti- 
trated to BrO, 10% fluctuations in 248.4 nm laser power 
result in very small shot-to-shot variations in the BrO con- 
centration temporal profile. 

In order to avoid accumulation of reaction or photolysis 
products, all experiments were carried out under “slow 
flow” conditions. To promote spatial uniformity of concen- 
trations and minimiye regions of flow stagnation, each of the 
four ends of the reaction cell had a port. The gas mixture 
entered the reaction cell through the two ports on the BrO 
probe beam axis and exited through the two ports on the 
laser photolysis axis. This flow panera exhausted the long- 
lived BrO radicals from the BrO detection volume more rap- 
idly than if the reaction mixture had exited along the BrO 
detection axis. The linear flow rate through the reaction cell 
was (typically) 3 J cm s” 1 . The repetition rate of the two 
laser sequence varied from 1/8 Hz at P = 25 Torr to 1/5 Hz at 
P* 100 Tort. These rates were determined by observing the 
time required for the BrO signal to return to the pretrigger 
baseline value under typical experimental conditions. 

As shown in Fig. 1, the 0 3 , Br 2 , and N 2 gases were 
premixed before entering the reaction cell. The concentra- 
tions of Br 2 and N 2 in the reaction mixture were determined 
through measurement of the appropriate mass flow rates and 
the total pressure. The fraction of Br 2 in the Br 2 -N 2 mixture, 
which was prepared manometrically in i 12 / bulb, was 
measured by photometry at 404.7 nm as described 
previously. 22 Ozone was flowed from a L-tube containing 0 3 
adsorbed on silica gel and maintained at dry ice temperature 
(195 K); nitrogen was passed through the £7 -tube to obtain a 
stable 0 3 -N 2 flow. The ozone concentration was measured in 
situ in the slow flow system by UV photometry at 253.7 nm 
using an Hg pen-ray lamp as the light source and a 30.2 cm 
absorption cell positioned between the mixing cell and the 
reaction cell; interference from absorption of 253.7 nm ra- 
diation by Br 2 was negligible for the reaction mixtures em- 
ployed flOj^BrJ). Conversion of measured ozone absor- 
bances to concentrations employed an O* absorption cross 
section of 1.145XKT 17 cm 2 at 253.7 nm. 25 

The gases used in this study had the following stated 
minimum purities: N 2 , 99.999% and C^, 99.99%, they were 
used as supplied. Ozone was prepared by passing 0 2 through 
a commercial ozonator. It was collected and stored on refrig- 
eration grade silica gel maintained at a temperature of 195 K. 
The Br 2 used in this study had a stated minimum purity of 
99.94%. It was transferred under nitrogen atmosphere into a 
glass vial fitted with a high vacuum stopcock, and then was 
degassed repeatedly at 77 K before being used to prepare 
Br 2 -N 2 mixtures. 

■1. RESULTS 

Observed OCPj) fluorescence and BrO absorbance tem- 
poral profiles for a typical experiment are shown in Fig. 2; in 
this typical experiment, the time delay between the two la- 
sers was 25 ms. At short times, i.e., i<5 ms for the data 
shown in Fig. 2, the O ( 3 Pj) concentration is very high, caus- 
ing the fluorescence signal to be influenced by radiation trap- 
ping effects. Thus, the fluorescence signal is proportional to 
the O ( 3 Pj) concentration only after the signal has decayed 
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FIG. X Typical experimental BrO and OpPj) temporal profiles. Experimen- 
tal coodirions: F- 298 It, P-50 Torr. [OJ-7.80X10 14 per cm 3 ; 
[BrJo* 1.58x 10 13 per cm 3 ; [O]o*7.4x 10 13 per cm 3 ; 512 laser shots aver- 
aged. electronic rime constant for BrO detection *50 jss; f«0 u defined to 
be the rime the 248.4 nro laser fires. 


significantly from its peak value. The approach to a near- 
steady-state 0(*Pj) fluorescence level clearly occurs at r > 10 
ms. Firing of the 532 nm laser at r=25 ms results in only a 
modest increase in the 0( 3 P j) fluorescence signal because 
the ozone absorption cross section at 532 nm is quite low 
(2.8 xl O' 21 cm 2 ). 26 The data in Fig. 2 show that during the 
first several ms after the 248.4 nm laser fires, BrO appear- 
ance “tracks” O (*Pj) disappearance. Disappearance of BrO 
at r>8 ms is presumably due to the occurrence of reaction 
(7b). 

The O ( 3 Pj) fluorescence signal (same data as in Fig. 2) 
immediately before and after firing of the 532 nm laser is 
shown in expanded form in Fig. 3. The solid “baseline” in 
Fig. 3 is obtained by fitting the data in the -10 to -0.1 ms 
and 7-14 ms time intervals to a double exponential func- 



F1G. 3. The same 0( l Pj) temporal profile as shown in Fig 2 with expanded 
concentration (i.e. t fluorescence signal) scale and expanded time scale 
around the time the 532 nm laser fired The solid baseline was obtained from 
a double exponential fit to the dan points ic the intervals *10 to *0.1 ms 
and 7-14 ms where r* 0 is the rime the 532 nm laser fired. 



Time after 532 nm Laser Fires (ms) 

FIG 4. Typical [O (*Pj)] relaxation temporal profiles Tract (b) is the same 
data as shown in Figs. 2 and 3. T m 298 K_ P* 50 Ton Coocentranoas in 
units of 10 15 per cm 5 : 67-2. (b) 78.0. (c) 84.4; [Br^.o-W 

0.72, (b) 1.58. (c) 2^5; [Ol. 0 -(») 7.32, (b) 7.36. (c) 10.(3. [BtOl.,- 
(■■average of coocentraooos deduced by computer simulations and by rime- 
resolved UV absorption measurements)* (a) 131 (b) 2.24, (c) 3.16. The 
248 4 nm laser fired at r-0 and the 532 nm laser fired at f */' — r where r 
is the e -folding rime for 0( 3 P y ) relaxation. Number of (pain of) laser uxxs 
averaged *(a) 450, (b) 5 IX (c) 924 Solid lines are obtained from linear 
least-squares analyses and give the following pseudo- firs i -order CX 3 P y ) re- 
laxation rates in units of s“‘: (a) 515, (b) 1085. (c) 1502. For clanry. traces 
(a) and (c) are shifted on the vertical axis; the actual signal minus baseline 
counts for trace (a) are half thai shown and for trace (c) are twice that 
shown. 

bona] form; the fit is quite good, so the interpolated baseline 
in the 0-7 ms time interval should be accurate. Subtraction 
of the interpolated baseline from the total signal yields an 
[0( 3 F y )] relaxation temporal profile which is exponential, as 
shown in trace (b) of Fig. 4. Also shown in Fig. 4 are two 
other [0( 3 P/)] relaxation temporal profiles obtained at the 
same temperarure and pressure as the data shown in Fig. 3; 
trace (c) was obtained with the highest BrO concentration of 
the three experiments, while trace (a) was obtained with the 
lowest BrO concentrabon. Dearly, the [0( 3 P y )] relaxabon 
rate increases with increasing BrO concentrabon. 

Assuming that all processes contributing to [0( 3 P/)] re- 
laxabon are first order or pseudo-first-order, the temporal be- 
havior of the relaxabon fluorescence signal should be de- 
scribed by the foUowing relationship; 

la( mi <*< i [! B*°I +■ Wl B f 2] + ■ WQ»]- +■ 1 1 II o>»* «. *' ’i r. 

where r*0 is defined to be the time at which the 532 nm 
laser fires, 5 0 and S, are the total signals at times 0 and r, 
*nd 5^, are the baseline signals at times 0 and r, and 
ft io is the rate coefficient for the following process; 

0( 3 P y )— * loss by diffusion and transport from the 
detection volume and by reaction with 
background impurities. (10) 

Equation (I) assumes that the concentrations of BrO, Br 2 , 
and 0 3 are constant over the time interval required for 


J Oem Phvs.. Voi 10? Nc 10 ® Mart* 1995 


35 


4136 


Thom #? Ml.: RadicaJ reaction kinetics 0( 3 Pj)+BrO 


TABLE l. Assumed mechanism for nmulanon of CK 3 F y ), BrO, BK 2 F y ), 
Bn. and 0 3 temporal profiles. 


Reaction 

Reaction No. 

4^ 

E/R“ 

(X ) / , j)+BrO-Brt J P;)+0. 

0) 

d 

d 

BK^jl+Oj-BrO+Oj 

(2) 

17 

800 

CX^/l+Br.-.BiO+Brt 2 /’,) 

(5) 

17.6* 

-4cr 

CXV-yl+Oj-Mj 

(6) 

8.0 

2060 

BiO+BfO-2Br<V>)+Oj 

(7a) 

1.4 

-150 

BrO+BrO— *Br 2 +02 

(7b) 

0060 

—600 

Oj(o 'A,)+0,-0(V,)+20j 

Q('Pj )~ bkjrd lou 

(8) 

52J 

2840 

00) 

10-40* 

0 


‘Arrhenius parameters art taken from Ref. 6 except where otherwise indi- 
cated 

*Umts are 10“ 13 cm 3 molecule”' a”' except for reach on (10). 

'Units are degrees kelvin. 

^Determined from experimental data using an iterative procedure (tee the 
text). 

•From Ref. 27. 

f Units are s”'; rate increases with decreasing pressure; values determined 
expenmen tally. 
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[0( 3 / > y )] relaxation; this is t good approximation, since the 
concentrations of all three species change by only a few per- 
cent over the tune interval of interest Since [0(*P ;)] relax- 
ation data were typically analyzed over 2-3 e-folding times 
of decay, we take the (measured or simulated) concentrators 
of BrO, Br 2 , and 0 3 at r= r= 1/k' to be the appropriate 
values for application of Eq. (I). Rate coefficients for reac- 
tions (5) and (6) are well established. 27 * 2 ® Values of k ]0 (P*T) 
were determined experimentally by monitoring the decay of 
O { 2 Pj) following 532 nro laser flash photolysis of Oy/Nj 
mixtures; very low 0 3 levels were employed in these experi- 
ments in order to establish conditions where Ac 6 [0 3 ] < ^ic , 0 . 
Measured values for k, 0 ranged from 10 to 40 s” 1 ; very little 
temperature dependence was observed, but k, 0 increased 
with decreasing pressure. 

The bimolecular rate coefficients of interest, k^P.T), 
were evaluated from the slopes of k^ vs [BrO] plots where 
k'^ is the measured pseudo- first -order decay rate corrected 
for contributions from Br 2 and 0 3 

^=^-^[Br 2 ]-MO 3 ]*k 1 [BrO]^k l0 . (II) 

Under the experimental conditions employed in this study, 
differences between k ' and k^ were dominated by reaction 
(5), i.e., reaction (6) made a negligible contribution to 
[O ( 3 Pj)] relaxation. Values for [BrO], [BrJ, and [0 3 ] as a 
function of time were determined using the ACUCHEM 
program 29 to numerically integrate the rate equations ([BrO] 
was, of course, also measured by time-resolved UV absorp- 
tion). The mechanism assumed for the numerical simulations 
consisted of reactions (1), (2), (5), (6), (7a), (7b), (8), and 
(10). Literarure values for the temperature -dependent rale co- 
efficients used in the simulations are summarized in Table I. 
With the exception of k , , all other rate coefficients used in 
the simulations appear to be well established. Because k, is 
highly uncertain, we employed an initial temperarure- 
independent “guesstimate” of 3.0X10” 11 
cm 3 molecule” 1 s” 1 in the simulations. 6 Concentrations of 
BrO, Br 2 , and 0 3 were then calculated and used to obtain a 
new value for k j ; subsequent iterations had no effect on the 


FIG. 5. Simulated temporal profiles for Br 2 , BK 3 F y ). BrO. 0 3 . and CX 3 P y ) 
for the conditions employed to obtain the experimental data shown in Figs. 
2 and 3. The simulations employ the mechanism and rate coefficients given 
in Table L assume r*0 is the time that the 24$ 4 nm laser fires, and ignore 
coocemranon changes induced by firing of the 532 nm laser 


derived value for k,, i.e., convergence was obtained after a 
single iteration. Initial concentrations of O ( 3 Pj) and 
Br i 2 Py 2 ) for use in the simulations were computed from the 
measured 248.4 nm laser fluence, the measured 0 3 and Br 2 
concentrations, and well-known 0 3 and Br 2 absorption cross 
sections at 248.4 nm; the 0 3 absorption cross section was 
taken to be 1.05 X10” 17 cm 2 independent of temperature 30 
while the Br 2 absorption cross section was taken to be 
l.QxlO'^cm 2 (Ref. 31) (assumed to be independent of tem- 
perature). Compared to the amount of Br( 2 F y ) generated 
from reactions (1) and (5), the amount generated from Br 2 
flash photolysis was very small, ranging from 3xl0 9 to 
2x 10 l ° atoms cm" 3 . Shown in Fig. 5 are simulated temporal 
profiles for Br 2 , B r{ 2 Pj), BrO, 0 3 , and O (*Pj) for the con- 
ditions employed to obtain the experimental data shown in 
Figs. 2 and 3. 

Typical plots of k' and k'^ vs [BrO] are shown in Fig. 
6; for these data (P=50 Tort, 7=233 K), which are typical 
of ail pressures and temperatures investigated, the correction 
for the CX 3 F y )+Br 2 reaction is about 13%. The BrO concen- 
trations plotted in Fig. 6 are averages of the concentrations 
obtained from the time-resolved absorption measurements 
and the concentrations obtained from the computer simula- 
tions. Typically, BrO concentrations obtained from the absor- 
bance measurements were somewhat higher than those ob- 
tained from the simulations. The uncertainty in BrO 
concentrations is the major source of uncertainty in our re- 
ported values for k, ; it is discussed in detail below. 

The experimental conditions employed in our kinetics 
experiments are summarized in Table II . Measured bimo- 
lecular rate coefficients, k,(/\T), which are obtained from 
the slopes of k^ vs [BrO] plots, are summarized in Table 
ID. It should be noted that values for k j ( P, 70 obtained using 
BrO concentrations evaluated from the UV absorption mea- 
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FIG. 6. Typical plots of k' and vs [BrOl- where /«/' is defined as in 
Fig 4 and [BrO] is the average of concentrations deduced by computer 
simulations and by time-resolved UV absorption measurements. 7*233 K 
and P* 50 Ton Open circles art uncomected for CX } Pj) reactions with Br 2 
and 0 3 while solid squares are corrected for these reactions. Solid lines are 
obtained from linear least-squares analyses; their slopes give the rate coef- 
ficients shown in the figure to units of cm 3 molecule" 1 s" 1 . 


surements arc reported for only six of the twelve P ,7* com- 
binations for which data are reported. This is because a 
wavelength calibration error was discovered after some of 
the experiments were completed; hence, in some of the ex- 
periments, BrO was monitored in a wavelength interval 
which was slightly shifted off the peak of the 7,0 band Rate 
coefficients based on UV absorption measurements of [BrO] 


TABLE ID. Rate coefficients for the reaction 0( 3 F;)+BrO— < 'Br^FyHOj. 


T(K) 

PObrr) 

*,(10’" cm 3 

molecule' 1 1* 1 )^ 

A 

B 

231 

25 

552-0.22 

4.68 ±0.58 

233 

50 

530±032 

459±0.38 

237 

100 

5. 13 ±0.20 

534±0.53 

251 

50 

4.88 ±0.20 


268 

50 

530±048 

3.78±0.58 

272 

50 

5.15±031 


298 

25 

4.11 ±0.37 


298 

50 

4.94 ±0.45 

3.82±052 

298 

100 

457±0.18 


298 

150 

452±082 


326 

50 

4. 12 ±0.29 


328 

50 

4.35 ±0.14 

3.02±0.31 


Errors art la and represent precision only. 

*A. [BrO] obtained from computer simulations using the mechanism in 
Table L B [BrO] obtained from transient UV absorption measurements. 


are reported only for data obtained with BrO monitored at 
the peak of the 7,0 band. 

Examination of Table HI shows that, within experimen- 
tal uncertainty, k,(298 K) is independent of pressure over the 
range 25-150 Tore. Arrhenius plots of the 0( 3 ^y) + BrO ki- 
netic data are shown in Fig. 7. Separate plots are shown for 
rate coefficients obtained using (a) BrO concentrations ob- 
tained from Acuchem simulations, (b) BrO concentrations 
obtained from UV absorption measurements, and (c) BrO 
concentrations obtained from the average of the simulations 
and the UV absorption measurements. The lines in Fig. 7 are 
obtained from linear least-squares analyses of the Ink, vs 


TABLE n. Summary of experimental conditions in the 0( J P y ) + BrO kinetics experiments 




Concentrations at r 

*0““ b 


No of 
Expts c 




r 

P* 

O, 

B h 

0 

[OMBrJ, 

(BrO! 1 * 

k * * 


231 

25 

712-1140 

3.97-24.0 

46.5-70.7 

2.9-12 

6 

6.0-25.0 

(9.1-273) 

372-1580 

357-1410 

233 

50 

98-1150 

756-32.8 

55.0-107 

3.3-95 

7 

10.0-32.7 

(14.4-36.5) 

572-1940 

529-1680 

237 

100 

944-1160 

5.05-21.9 

65.7-91.0 

43-14 

4 

7.6-25.2 

(8.0-23.9) 

405-1420 

385-300 

251 

50 

852-1070 

8.02-25.4 

67.8-81.4 

2.8-94 

6 

11.7-27.6 

650-1580 

620-1410 

268 

50 

670-1210 

5.94-26 4 

61.8-109 

3.6-12 

6 

83-28.3 

(13.3-37.4) 

500-1780 

470-1590 

272 

50 

997-1310 

6.39-24.8 

60.9-82.7 

33-95 

5 

93-26.9 

500-1560 

466-1370 

298 

25 

664-1250 

7.01-25.2 

47.1-82.6 

33-73 

7 

10.0-28.6 

556-1480 

520-1290 

298 

50 

745-1050 

7.60-24.0 

62.8-103 

43-9.9 

6 

10.5-283 

(15.8-35.0) 

515-1500 

483-1380 

298 

100 

818-1030 

4.94-18.1 

67.6-107 

5.1-17 

6 

7.9-245 

408-1190 

382-1140 

298 

150 

436-1050 

6.23-255 

34.3-106 

3.7-14 

11 

8.7-323 

350-1650 

305-1540 

326 

50 

843-1020 

8.40-25.6 

64.3-81.6 

33-7.6 

5 

11.8-30.3 

612-1500 

565-1320 

328 

50 

737-967 

4.82-19.6 

60.4-85.2 

43-13 

4 

7.4-233 

(125-34.1) 

367-1170 

343-1030 


•Units arc 7(K); P(Torr); Concentrations (10 12 molecules cm" 3 ); k\ k'^ s" 1 ). 
b r* 0 is the time that the 248 4 run laser fires. 

•Expt .■ measurement of one set of C X 3 P y ) and BrO temporal profiles. 

^Concentrations in parentheses were obtained from time-resolved UV absorption measurements, other concentrations were obtained from numerical integra- 
tion of the appropriate rate equations (see the text). 

‘/■one e-folding time for [OrFy)] relaxation after the 532 nm laser fires. 
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FIG. 7. Arrhenius plots for the CH’FyJ+BrO reaction. Separate plots are 
shown for rate coefficients derived from (a) BrO coocectraoocu obtained 
from computer simulations (open circles, see the text for details), (b) BrO 
concentrations obtained from time-resolved LTV absorption measurements 
(open squares), and (c) BrO concentrations obtained from the average of the 
computer simulations and the UV absorption measurements (filled tri- 
angles). Solid lines and dashed line are obtained from linear least squares 
analyses of the In k ] vs T~ l dan and yield the Ajrheruus expressions given 
in the texL The open circle with the " + " inside represents the average of 
rate coefficients measured at four different pressures (see Table HI). 

T~ ] data; these analyses yield the following Arrhenius ex- 
pressions (units are 10“ n cm 3 molecule” 1 s” 1 ; uncertainties 
are 2cr and represent precision only): 

[BrO] from simulations: 

k,(7) = (2.48± 0.67)exp[( 1 8 1 ±74)/T], 

[BrO] from UV absorption: 

4c j (7") — (1.1 1 ±0.64)exp[(344± 149)/7], 

average [BrO]: 

*,(7')*(1.9l±0.56)exp((230±76)/r]. 

While the magnitude of the activation energy one would de- 
rive from our data depends somewhat on which method for 
evaluation of the BrO concentration one prefen (see below), 
our data clearly support a small negative activation energy 
for reaction (1), i.e., the rate coefficient increases with de- 
creasing temperature. 

rv. DISCUSSION 

A. Potential ay Hematic errors In *,(P,7) values 

One approach which is commonly employed to validate 
a kinetics study involves demonstration that the results are 
independent of wide variations in experimental parameters 
such as laser fluences and species concentrations. Unfortu- 
nately, available laser powers and detection sensitivities as 


well as constraints dictated by system chemistry limited the 
range over which important parameters could be varied. 
Nonetheless a series of experiments were carried out at 

50 Torr and 7=269 K which verified that, for the same 
initial concentrations of C X 3 Pj) and Br 2 , k^ was indepen- 
dent of a factor of 5 variation in [0 3 j (6-30X10 14 
molecules cm” 3 ), a factor of 2 variation in 248.4 nm laser 
flue nee (5-10 mJ cm” 2 ), and a factor of 1.5 variation in 532 
nm laser fluence (130-195 mJ cm” 2 ). The range of 248.4 nm 
fluences was limited at the high end by the available laser 
power and at the low end by the need to generate enough 
0{ 3 Pj) to rapidly titrate Br 2 to BrO, thus minimizing inter- 
ference from the O^FyJ+Bty reaction. The range of 532 nm 
fluences was also limited at the high end by the available 
User power. The lower limit 532 nm fluence was dictated by 
the requirement that [CX 3 /* y)] relaxation temporal profiles be 
obtained with signal -to- noise ratio suitable for quantitative 
kinetic analysis, even though the low repetition rate dictated 
by system chemistry prohibited extensive signal averaging. 

Comparison of simulated (Fig. 5) and measured (Fig. 2) 
O ( 3 Pj) and BrO temporal profiles shows qualitative but not 
quantitative agreement. The simulated OvPj) decay to the 
near- steady -state level is a little faster than observed experi- 
mentally while the simulated BrO appearance rate is a little 
slower than observed experimentally. Also, once near-steady- 
state conditions are established, the observed 0( 3 Pj) fluores- 
cence signal continues to decay slowly whereas the simula- 
tion predicts that [0( 3 / > y)] remains constant or even increases 
slightly as a function of time, one possible explanation for 
this difference between observation and simulation would be 
the existence of a significant (unidentified) 0 2 (c J A f ) de- 
struction mechanism other than reaction with 0 3 ; an addi- 
tional first-order 0 2 (c ’A,) loss rate of about 90 s” 1 would 
yield the best agreement between simulation and experiment. 
While quantitative differences between simulated and ob- 
served O CP y) and BrO temporal profiles do exist, it is im- 
portant to recognize that (a) the overall agreement is rather 
good considering the high radical concentrations employed 
and (b) the accuracy aDd integrity of this kinetics study is not 
necessarily dependent upon quantitative agreement between 
these temporal profiles (although the differences suggest 
some potential systematic errors which need to be exam- 
ined). As discussed above, the validity of our determinations 
of k,(/\7) is supported by the facts that (a) k ^ values scale 
linearly as a function of [BrO], (b) k'^ values are indepen- 
dent of the 248.4 and 532 nm laser fluences (at constant 
[BrO]), and (c) [CX 3 F/)] relaxation temporal profiles after 
the firing of the 532 nm laser are exponential and, according 
to both observation and simulation, are dominated by reac- 
tion (1). 

With the exception of the 0( 3 / > y)+Br0 reaction, accu- 
rate kinetic data appear to be available for all reactions used 
in the simulations (Table I). However, additional simulations 
were carried out where selected rate coefficients were either 
increased or decreased to see if better agreement between 
simulation and observation could be obtained. Improved 
agreement could not be obtained by varying any of the rate 
coefficients in Table I by factors of 2 or less. Hence, our 
observations should not be considered evidence that one or 
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more of the Arrhenius parameters in Table I are incorrect. 

We have considered in some detail the possibility that 
the mechanism summarized in Table I is incomplete. This 
exercise has not led to identification of additional thermal 
reactions involving species in their ground electronic states 
which could be important in controlling the temporal behav- 
ior of BrO or 0( 3 Pj). However, reaction (1) is sufficiently 
exothermic (62.9 kcal mol” 1 ) 6 that the 0 2 product can be 
formed with considerable vibrational excitation and/or in any 
one of three electronic states ( X 3 2” ,a *A g ,b ’2*). The 
production of “hot” 0 2 is not only a potential source of the 
discrepancy between observed and simulated BrO and 
O (*Pj) temporal profiles before the firing of the 532 nm 
laser, it is also a potential kinetic interference in our mea- 
surements of k { \ this is because O ( 3 P,) can be regenerated 
via the following reactions: 


Oj(X J 2;.0>6) + O 3 -O( 3 /> y ) + 2O 2 . 

01) 

Oj(fl 'l t ) + 0 3 -*0( i Pj) + 20 2 , 

(8) 

0 2 (b , 2*) + 0 3 -»0( 3 Py) + 20 J . 

(12) 


Under the experimental conditions employed to monitor re- 
laxation of [(X 3 /^)] (generated by the 532 nm laser) back to 
steady state, the rate of production of O (*Pj) via reaction (8) 
is several orders of magnitude too slow for this process to 
represent a significant kinetic interference. Based on time- 
resolved observation of 0(*Pj) appearance following 300 
nm laser flash photolysis of 0 3 , Arnold and Comes 32,33 re- 
port the very slow value k n «2.8x 10“ 15 

cm 3 molecule” 1 s” 1 , suggesting that reaction (11) is also too 
slow to represent a significant kinetic interference. It is, of 
course, possible that reaction (1) produces CtyX 3 2”) which 
is vibrationally hotter than the 0 2 (X 3 I”) generated by 300 
nm photolysis of O3 and that the rate of reaction (11) in- 
creases dramatically with increasing vibrational quantum 
number. However, Park and SI anger 34 have recently shown 
that the rate of vibrational deactivation of O^X 3 2” ,u) by 
N 2 increases with increasing vibrational quantum number up 
to v * 19 (where a two-quantum v-v transfer process is near 
resonant); hence, any increase in k n as a function of vibra- 
tional quantum number would be counterbalanced by a faster 
competing rate of vibrational relaxation by N 2 buffer gas, so 
the conclusion that reaction (11) does not contribute signifi- 
cantly to [0( 3 Py)] relaxation should be valid for all energeti- 
cally accessible vibrational levels of O^X 3 2”). 

Unlike reactions (8) and (11), reaction (12) is quite fast, 
i.e., k 12 (298 K)*2.2xl(r n cm 3 molecule” 1 a” 1 . 6 Any 
] lg) which is generated as a product of reaction (1) 
would be converted to O ( 3 Py) on a time scale which is fast 
compared to the time scale for [0( 3 P,)] relaxation following 
the 532 nm laser flash. Hence, our approach for measurement 
of k, is “blind" to a reaction channel which produces 
} lg) % i.e., we have actually measured k u +k lk% not 

*1 + *)*+*lr 


CK 3 / , y ) + BrO-Br( J /» ; ) + 0 2 (X 3 2;) 

(U) 

-B r0Pj)+Oi(a ’A,) 

(lb) 

—Br( 2 P J )+0 7 (b '2;). 

(lc) 


1 

r> 

§ 


<2 

CD 

^2 

* 



* 


FIG. S. A pkx of biiDotecular rue coefficients obetiaed from uk&viduM} 
experiments, Le., k , ■ ~ ^ io)^t BrO], vs /, the fraction of 

Oj (b 'i; ) deactivated by reaction with O 3 . The solid line is obtained from 
a least- squares analysis and gives an f m 0 intercept of 

(3.94iO.S4)X 10 _n an 5 molecule' 1 1* 1 and a /« 1 intercept of 
(3. 92 ±0.32) X 10'" cm 5 molecule " 1 s ' 1 where the uncertainties are 2 a and 
represent precision only These data suggest that the yield of O ‘I*) 
from the 0( } Pj)+BtO reaction is very small. 


Adiabatic correlation arguments suggest that the 
branching ratio for channel (lc) should be small, 
i.e., BrO(X 2 ir)-bO( 3 Py) correlates with Bii 2 P y ) 
♦O^X 3 2~ ,o *A f ) but not with Br^F/HO^b ! 2*). Sta- 
tistical arguments, which are based on the idea that the most 
probable products are those with the largest number of ener- 
getically accessible quantum states, suggest a negligible 
branching ratio for channel (lc). Also, Leu and Yung 35 have 
shown that the yield of C tyb *2^) from the analogous 
0(*Pj)+ClO reaction is very small, i.e., less than 4.4X10” 4 . 
Despite the above rationale for expecting a small O^b *2^) 
yield from reaction (1), experimental verification would be 
reassuring. The rate coefficient for quenching of 0 2 (b ’2^) 
by N 2 is known to be k 13 =2.1 x 10” 15 cm 3 molecule" 1 s” 1 
(Ref. 6) 

O 2 (b , 2;) + N 2 -0 'A # JC 3 2“) + N 2 . (13) 

Hence, over the range of N 2 and partial pressures em- 
ployed in our study, the fraction of O^b *2^) which reacts 
with /, spans a considerable range 

/-4 12 [03)/(k l2 [03]+k,s[N 2 ]). on) 

A plot off vs (k^ - kjcMBrOK ■ k,) is shown in Fig. 
8. Even though reduction in CX 3 Py) detection sensitivity with 
increasing N 2 pressure prohibited experimentation under 
conditions where / was very small, the daia show no ten- 
dency for k, to decrease with increasing / [as would be 
expected if the O^b *2*) yield from reaction (1) was sig- 
nificant]. We ire thus led to conclude that k ltf + k,^k, . 

Reaction (2) is sufficiently exothermic that BrO can be 
generated in vibrational levels up to 1; = 16 while reaction (5) 
can generate BrO in vibrational levels up to t/=5. Vibra- 
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tionally excited BrO (symbolized by BrO*) could undergo 
the following transformations upon collision with other spe- 
cies present in the reaction mixture: 

BrO* ( v ) + M-BrO* (i>'<u) + M, M *N 2 ,03 Jr 2 ,Br, 

(14) 

BrO*(t/> I4) + 03— *0( 3 / > y) + BrO+02, (15) 

BrO^u^bJ + BK^-B^^ 3 ^). ( 16 ) 

There ire no kinetic data available in the literature for ex- 
cited state reactions (14)— (16). Reaction (15) is probably not 
important in our experimental system because (a) very little 
BrO is expected to be generated in u ^ 14 and (b) vibrational 
relaxation of u>14 by N 2 is almost certainly too fast to 
allow competition from reaction (15). The chlorine analog of 
reaction (16) is thought to be responsible for generation of 
the O ( 3 Pj) observed when 0 3 reacts with an excess of chlo- 
rine atoms 9 The occurrence of reaction (16) in our experi- 
ment could result in increased levels of 0{ 3 P j ) and Br 2 and 
decreased levels of BrO compared to levels predicted based 
on the mechanism given in Table I. To examine the potential 
role of reaction (16) in our study, computer simulations were 
performed where reactions (14) and (16) were added to the 
base mechanism (Table I) and values for k ]4 and k , 6 were 
adjusted over wide ranges. No improvement could be 
achieved in matching the shapes of the simulated and ob- 
served 0('P j) temporal profiles. As expected, the inclusion 
of reaction (16) in the mechanism can depress simulated BrO 
levels, but only if k i4 is quite slow. If k l4 ~~ 10" 14 
cm 3 molecule" 1 s”\ Le., if it, 4 is the same order of magni- 
tude as observed for the analogous GO*+N 2 relaxation 
process, 9 then the dominant fate of BrO* is deactivation by 
N 2 . Shown in Fig. 9 is a transient absorption spectrum in the 
wavelength region of the 7-0 band of the A : ir*-X 2 rr sys- 
tem of BrO; this spectrum, which is discussed in detail be- 
low, was obtained using a reaction mixture typical of those 
employed in the 0( 3 Pj)+BrO kinetics studies. The spectrum 
shows no evidence for the presence of BrO* at “non- 
thermal-equilibrium” levels; hence, direct experimental evi- 
dence supports the idea that vibrational relaxation of BrO* is 
rapid in the presence of 25-150 Ton of N 2 . 

As discussed briefly above, the most important source of 
systematic error in this study appears to be evaluation of the 
absolute concentration of BrO appropriate for use in the ki- 
netic analyses. Two independent methods have been em- 
ployed to evaluate [BrO]. One method involves numerical 
integration of a set of rate equations which is based on the 
mechanism in Table I; experimental photometric, mass flow, 
and laser flue nee measurements allow initial concentrations 
of 0 3 , Br 2 , N 2 , 0 ( 3 P j) % and br( 2 P j) to be evaluated and used 
as input to the numerical integration routine. Tbe second 
method involves direct measurement of [BrO] by time- 
resolved UV absorption at 338.3 nm. Conversion of a mea- 
sured absorbance at the appropriate time, i.e., one e -folding 
time for [0( 3 Py)] relaxation after firing the 532 nm laser, 
employs an experimentally evaluated absorption path length 
and the best available literature values for the 338.3 nm BrO 
absorption cross section as a function of temperature; 24 since 
the needed absorption cross sections have been measured at 



FIG 9. Transient absorption spectrum over tbe wavelength range 330-347 
nm observed following 248 4 nm laser flash photolysis of an Oj-Brj-Nj 
mixture typical of those employed ui tbe CXV^l+BrO kinetics studies. 
r« 298 K. F *50 Ton. Concentrations at r* 0 (*a Ctroc immediately after 
the 248 4 nm laser fires) in units of 10‘ 3 per cm 3 are [0 3 ]-64J, [BrJ-2.45, 
and [O]* 13.8. Laser fluence* 13.1 mJ/crn 2 . Absorption path length *89 cm. 
Resolution *0.36 nm. Open squares and long dashed connecting line repre- 
sent dan obtained ai tbe peak of tbe BrO temporal profile (at /- 7 ms). Open 
circles and dotted connecting lines represent data obtained ai r«3 ms Open 
mangles and short dashed connecting line represent data obtatned 11 r*20 
ms Tbe solid curve represents tbe spectrum reported by Wahner et at (Ref. 
24) ai a resolution of 0.4 nm 


only two temperatures (223 and 298 K), 24 the absorption 
cross section is assumed to depend linearly on temperature 
over tbe range of our study, i.e., 231-328 K. Differences 
between BrO concentrations obtained using the two different 
methods are largest for experiments with low Br 2 concentra- 
tions, and are larger at higher temperatures than at lower 
temperatures. According to the Arrhenius expressions given 
above, rate coefficients evaluated based on the two different 
approaches for determining [BrO] differ by a factor of 1.36 
at 7-328 K and by a factor of 1.10 at 7*231 K [fortunately, 
tbe low temperature regime where agreement is better repre- 
sents the temperature in the middle stratosphere where reac- 
tion (1) is expected to be most important]. In all cases, the 
slower rate coefficients are obtained using BrO concentra- 
tions derived from the time-resolved UV absorption mea- 
surements. 

A potential systematic error in the UV absorption mea- 
surements could arise if BrO were not the only absorbing 
species at 338.3 nm. To investigate this possibility, experi- 
ments were carried out where the time-resolved absorption 
observed following 248.4 nm laser flash photolysis of 
Br?-0 3 -N 2 mixtures typical of those employed in tbe 
OrFyHBrO kinetics studies was mapped out over a wave- 
length range (330-347 nm) where the 6-0, 7-0, and 8-0 
bands of the BrO A 2 tr-X 2 ir system are observed. In par- 
ticular, we focus on peak -to- valley absorbance ratios to sec if 
there is evidence for continuum absorbance from a species 
other than BrO. Tbe spectral resolution, 0.36 nm, was the 
same as employed in the kinetics experiments; it was slightly 
better than tbe resolution of 0.4 nm employed by Wahner 
et al u to carry out the best available measurements of BrO 
absorption cross sections as a function of wavelength. To 
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improve sensitivity in the spectral regions where absorbance 
was low, the 1 cm mask used in the kinetics studies was 
removed from the window where the 248.4 run laser beam 
entered the reactor, this increased the absorption path length 
by approximately a factor of 3 at the cost of decreased spatial 
uniformity in the BrO concentration. Results of a typical 
experiment are shown in Fig. 9. Experiments employing 
relatively high and relatively low Br 2 concentrations gave 
essentially identical results. We find that (1) the observed 
spectrum is independent of delay time after the 248.4 nm 
laser fires and (2) peak-to-valley ratios are larger than those 
reported by Wahner et ol 24 (the solid line in Fig. 9 represents 
the spectrum reported by Wahner et al). The low absorbance 
we observe in the spectral regions between bands could po- 
tentially be attributable to changes in the 7 0 light level due to 
depletion of Br 2 and 0 3 after the laser flash. However, both 
Br 2 and 0 3 have very low absorption cross sections in the 
330-347 nm wavelength region; 6 - 30 hence, time-dependent 
changes in the transmitted light level due to time -dependent 
changes in the 0 3 and Br 2 concentrations are expected to be 
negligible. The spectroscopy experiments described above 
lead to two important conclusions. First, it appears that the 
time-resolved absorption technique employed to monitor 
BrO in our 0( 3 Py)+BrO kinetics experiments is specific to 
BrO, i.e., there is no evidence for interfering absorptions 
from other chemical species (such as B^O, 36 BrOOBr, 15 or 
0 2 ). Also, there are systematic differences in peak-to-valley 
BrO absorbance ratios obtained in our experiments compared 
to those reported by Wahner et aL ; 24 these differences, which 
are potentially important for both laboratory and atmospheric 
field experiments where [BrO] is deduced from UV absorp- 
tion measurements, cannot be readily explained at this time. 

A number of potential systematic errors in our measure- 
ments of *,(P,r) are discussed above. We believe that er- 
rors resulting from excited state reactions or other unidenti- 
fied side reactions are small. Despite our best efforts, the 
source of the differences between BrO concentrations evalu- 
ated from time-resolved UV absorption measurements and 
those evaluated from numerical integration of the appropriate 
rate equations is not clear. At this time, we feel that the best 
approach is to report *j(D values which are based on the 
average of BrO concentrations obtained by the two methods, 
and to adjust error bars to span all reasonable possibilities. 
Based on this strategy, we report the following Arrhenius 
expression: 

Jt,(D= 1.91X10"" exp(230 IT) cm 3 molecule' 1 s~'. 

The absolute uncertainty in k,(T) values is estimated to 
range from ±20% Ml the low temperature end of the experi- 
mental temperanire range (T— 230 K) to ±30% at the high 
temperature end of the experimental temperature range 

(7^330 K). 

B. Comparison with previous research 

In the only previous experimental observations relevant 
to establishing the absolute rate coefficients ^(P.T), Clyne 
et al. 5 obtained the estimate i: j (298 K) = 2.5x10" 11 
cm 3 molecule* 1 with an uncertainty range of 
(1 .0-5.0) x 10” n cm 3 molecule” 1 s” *; this estimate was ob- 


TABLE IV. Arrhenius panmeters for O+XO-X+Oj radical- mil cil reac- 
tions. 


xo 

A* 

Blft bx 

References ) 

OH 

22 

-120 

39-41 

HO: 

30 

-200 

7,8,42—44 

NO: 

6.5 

— 120 

45-49 

NO, 

10 

4 

50 

OO 

30 

-70 

9,48,51-55 

BrO 

19 

-230 

This work 


•Units ire 10“ 12 cm 3 molecule' 1 s' 1 . 


^Values for XO-OH, HOj, NOj. and OO are recommendations of the 
NASA panel (Ref. 6), which are based on the references given in the table. 
•Units are degrees kelvin. 

*Tbe available temperanire dependent data (Ref. 50) suggests that E/R is 
small, but is insufficient to define the sigo of E/R. 


tained by observing secondary O ( 3 Pj) consumption and 
Br( 2 Py) production in experiments whose primary objective 
was measurement of rate coefficients for the reactions of 
CK 3 Py) with Br 2 and BrCl. The experiments of Clyne et al. 
employed a discharge flow-resonance fluorescence tech- 
nique; total pressures were about 0.5 Ton. 5 For purposes of 
stratospheric modeling, the currently recommended Arrhen- 
ius expression is * ,(T) =3.0x10“ 11 exp(0/7") 
cm 3 molecule” 1 s” 1 . 6 The Arrhenius expression we report in 
this paper gives *,(298 K)=4.13x 10“ n cm 3 molecule” 1 
s”\ i.e., 38% faster than the currently recommended value. 
At 230 K, a temperature characteristic of the stratosphere at 
altitudes of 30-35 km, our results suggest *,(230 
K)=5.19x 10” 11 cm 3 molecule” 1 s” \ i.e., 73% faster than 
the currently recommended value. Another discharge-flow 
study of the 0( 3 / > y ) + Br 2 reaction has been reported by But- 
kovskaya et al v These authors observed OBrO as a product 
of secondary chemistry and suggested the wall -catalyzed 
O^PyHBrO reaction as a possible OBrO source. This result 
does not seem relevant for our study where all chemistry 
occurred in isolation from reactor surfaces. 

Arrhenius parameters for 0( 3 / > y )+XO— *X + 0 2 reactions 
with X^H, OH, NO, N0 2 , Cl, and Br are compared in Table 
IV. All of these reactions are fast with *(298 K) values rang- 
ing from 1.0X10” 11 cm 3 molecule” 1 s" 1 for X=NO and 
N0 2 to 6X 10” n cm 3 molecule” 1 s” 1 for X = OH. Also, with 
the possible exception of 0( 3 / , y )+N0 3 , all reactions are 
characterized by small negative activation energies, i.e., rate 
coefficients increase with decreasing temperature. The mag- 
nitudes and temperature dependencies observed for 
0( 3 F/)+X0 rate coefficients are characteristic of reactions 
which occur on potential energy surfaces with a minim um 
(corresponding to the XOO species) along the reaction coor- 
dinate. Long range attractive forces result in large cross sec- 
tions for formation of the energized XOO specie s. Negative 
activation energies are reasonable because lower energy col- 
lisions at lower temperatures result in a longer lifetime for 
energized XOO, thus increasing the probability of passing 
through the transition state configuration, i.e., reacting, dur- 
ing the energized complex lifetime. 


J Pr.^s. Vc! ICr. No IT P Ms—h 19*5 
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C. Implications for atmospheric chemistry 

A one -dime ns ioaa] photochemical modeling study of 
stratospheric bromine chemistry has recently been reported 
by Poulet et al. 3 This study incorporates up-to-date kinetic 
information including a much faster rate coefficient for the 
BrO+H0 2 reaction 3,16 than had been employed in pre-1992 
modeling studies. In Fig. 4 of the Poulet et al. paper, 3 rates 
of odd oxygen destruction by the most important BrO, 
cycles are plotted as a function of altitude and compared 
with the altitude dependence of the total odd-oxygen destruc- 
tion rate. Bromine is most significant as a catalyst for odd- 
oxygen destruction in the lower stratosphere; 3 * 31 the key 
catalytic cycles in this region are those with the following 
rate -limiting steps: 


BrO+HOj-HOBr+Oi, 

(17) 

BrO+ClO— BrCl(or Br+Cl)+0 2 . 

(18) 


Poulet et al .' s calculations suggest that the catalytic cycle 
with reaction (1) as the rate limiting step becomes the domi- 
nant BrOj, cycle at altitudes above 27 km. Incorporation of 
our measurements of k](P,r) into a model like that em- 
ployed by Poulet et aL will nearly double the rate of odd- 
oxygen destruction by the O^/M + BrO cycle in the region 
around 25 km. As a result the O ( 3 P j) + BrO reaction becomes 
the dominant BrO a odd-oxygen destruction pathway at all 
altitudes above 24 km. At 25 km, about 1% of all odd- 
oxygen destruction occurs via the O^PyHBrO catalytic 
cycle. 
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Abstract Tunable diode laser absorption spectroscopy has 
been coupled with excimer laser flash photolysis to measure 
the quantum yield for CO production from 248 nm photo- 
dissociation of carbonyl sulfide (OCS) relative to the well- 
known quantum yield for CO production from 248 nm 
photolysis of phosgene (Cl^CO). The temporal resolution of 
the experiments was sufficient to distinguish CO formed 
directly by photodissociation from that formed by subsequent 
S( 3 Pj) reaction with OCS. Under the experimental condi- 
tions employed, CO formation via the fast S( ] D 2 ) + OCS 
reaction was minimal. Measurements at 297K and total 
pressures from 4 to 100 Torn N 2 + N 2 0 show the CO yield 
to be greater than 0.95 and most likely unity. This result 
suggests that the contribution of OCS as a precursor to the 
lower stratospheric sulfate aerosol layer is somewhat larger 
than previously thought. 


Introduction 

Stratospheric sulfate aerosols, first discovered over three 
decades ago [Junge and Manson, 1961], have been the 
subject of numerous investigations motivated by their 
potential influence on global climate and, more recently, their 
potential involvement in heterogeneous stratospheric chemis- 
try. Diffusion of carbonyl sulfide (OCS) from the tropo- 
sphere has been identified as a potentially significant source 
of stratospheric sulfur [Crutzen, 1976] and at least two 
studies have suggested that anthropogenic OCS emissions are 
causing a measurable increase in stratospheric sulfate aerosol 
levels [Sedlacek et al., 1983; Hofmann, 1990]. In the 
stratosphere OCS can be photolyzed by solar ultraviolet 
radiation 

OCS + hv — ► CO + S (1) 

or oxidized by reactions with oxygen atoms or OH radicals 
to produce sulfur species which are readily converted to 
sulfate aerosol [Berresheim, et ah, 1995]. Current estimates 
of the impact of photolysis reaction (1) are based on consis- 
tent measurements of OCS photoabsorption cross sections 
(discussed below) and two somewhat disparate reports of the 
photodissociation quantum yield (which equals the quantum 
yield for CO production) [Sidhu et al., 1966; Rudolph and 
Inn, 1981]. Both of the quantum yield studies utilized low- 
intensity, continuous light sources which irradiated the OCS 
sample for periods of several minutes or longer. Under these 
conditions, the sulfur atom formed in reaction (1) further 
reacted with OCS to produce a second CO: 
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OCS + S -► CO + S 2 (2) 

This second step was assumed to be 100% efficient; hence, 
the primary yield of CO from the photolysis step (<X>) was 
taken to be one half the measured CO divided by the number 
of photons absorbed. Sidhu et al. [1966], using the partial 
pressure of non-condensible (at 77K) gas as their CO 
measurement technique, reported the values * 0.91 and 
0.90 for the photolysis wavelengths 253.7 nm and 228.8 nm, 
respectively. While they did not quote uncertainty limits, 
they acknowledged that experimental error may have caused 
the observed yields to be less than unity. Rudolph and Inn 
[1981], using resonance fluorescence to detect CO after 
freezing out unreacted OCS at 77K, made measurements at 
five photolysis wavelengths from 214.0 to 253.7 nm and 
reported the value « 0.72 ± 0.08 essentially independent of 
wavelength. These authors noted that structured absorption 
features in the OCS spectrum appear to account for 5-10% 
of the total oscillator strength while their yield result indi- 
cates a 28% bound state contribution. They suggested that 
perturbations between the *A' and ] A" components of the 
OCS excited electronic state may obscure some of the 
structure. However, as noted by Atkinson et al. [1992], there 
is currently no reported evidence for fluorescence from 
pbotoexcited OCS, and this fact, taken together with the 
observed wavelength independence of the CO quantum yield 
and the paucity of structure in the photoabsorption spectrum, 
suggests that dissociation may be the only significant loss 
channel for electronically excited OCS. 

In this letter, we report measurements of the quantum 
yield for CO production from 248 nm photodissociation of 
OCS; our results suggest that this quantum yield is unity . 

Experimental Technique 

In the present work, tunable diode laser absorption was 
used to follow the concentration of CO after laser flash 
photolysis of flowing OCS/N 2 /N 2 0 and C1 2 C0/N 2 ^N 2 0 gas 
mixtures. A number of possible systematic errors* were 
avoided by using 248 nm photolysis of phosgene (Cl 2 CO) as 
an in situ unit yield calibration standard [Stickel et al., 1993]. 

C\ 2 CO + hv(248 nm) — ► CO + 2 CI( 2 Pj) (3) 

The quantum yield for CO production from reaction (1) was 
determined by performing back-to-back experiments, one 
with OCS and one with Cl 2 CO as the photolyte, -and taking 
the ratio of observed CO absorbances with corrections for 
small variations in photolysis energy and photolyte concen- 
tration. The apparatus is similar to that used for a number of 
previously published studies [eg Stickel et al., 1993]; hence, 
only a brief description is included here. 

The photolytic light source was 4 RrF excimer laser 
(Lambda Physik EMG 200) which p/oduced 248 nm pulses 
of approximately 25 ns duration with an intensity of up to 30 
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mJ cm” 2 in the sample gas. The infrared probe beam was 
provided by a lead-salt diode laser (Laser Photonics/ Analytics 
5622) and detected by HgCdTe detectors cooled to 77K. A 
portion of the probe beam was diverted to a static CO 
reference cell. The probe wavelength was modulated 
(typically at 40 kHz) to give a first derivative reference 
signal which was used to stabilize the laser output on a CO 
rotational line near the peak of the P branch of the (1,0) 
vibrational transition (die P6 line at 2 1 1 9.68 cm “ 1 and the P9 
line at 2107.42 cm” 1 were used). The photolysis and probe 
beams were merged by a dichroic optic and directed longitu- 
dinally through the sample cell, which consisted of a pyrex 
tube of 25 mm inside diameter and 118 cm length with 
calcium fluoride windows epoxied to the ends. A second 
dichroic separated the transmitted IR beam which was then 
passed through a 0.5 m monochromator for mode selection. 
The detected signal was digitized, summed over multiple 
flashes (typically 32) and stored for later second harmonic 
analysis. The linearity of the second harmonic signal was 
verified by CO standard addition. 

In order to avoid accumulation of photolysis products, all 
experiments were carried out under "slow flow" conditions 
such that the contents of the cell were nearly completely 
replaced between flashes. Photolyte concentrations in the 
sample cell were determined in two ways: (I) using bulb 
partial pressures and flow mixing ratios, and (2) using in situ 
photometry at 228.8 nm. For reasons discussed below, the 
photometric determinations were used exclusively in the 
quantum yield analysis although the agreement between the 
photometric and flow measurements was typically 5% or 
better. 

The gases used in this study were supplied with the 
following stated minimum purities: N 2 , 99.999%; N 2 0, 

99.99%; OCS, 97.5%; Cl 2 CO, 99.0%. The N 2 and N 2 0 
were used as supplied. The CIXO was degassed at 77K 
before use. Three different 0<2S preparations were used 
(1) as supplied, (2) degassed at 77K, and (3) filtered through 
ascariie and trapped at 77K [Fried), 1984], Experimental 
results were found to be independent of OCS purification 
technique. 


Results and Discussion 

Typical data from a single quantum yield measurement are 
shown in Figure 1. Linear fits to both pre- and post-flash 
data were extrapolated to the instant of photolysis to give the 
amount of CO produced by the flash. As explained below, 
this signal includes CO from both photolysis and fast S( J D 2 ) 
chemistry . The resulting infrared CO absorption signal 
observed in an OCS experiment (S) can be expressed as 

S *= G • Y • [OCS] • cr(OCS^48) • E(OCS) (I) 
and the corresponding expression for a Cl 2 CO experiment is 

R *= G • [Cl 2 CO] • o(Cl 2 C0^48) • E(Cl 2 CO) (II) 

In both cases G is the instrumental response, o is the appro- 
priate photoabsorption cross section for the excimer laser 
flash and E is the flash energy. If the concentrations of OCS 
and Cl 2 CO are determined by 228.8 nm photometry in the 
same absorption cell, the observed CO yield (Y) can be 
found from 
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Figure 1. Typical CO temporal profiles observed in back-to- 
back experiments with first OCS and then Cl 2 CO as the 
photolyte. Experimental conditions: T = 297K; r = 31 Torn 
The mean flash intensity was 22.7 mJ cm*" 2 for the OCS 
experiment and 22.4 mJ cm" 2 for the phosgene experiment. 
Concentrations were, in units of 10 15 molec cm” 3 , [OCS] = 
12.6; [Cl 2 CO] ~ 3.25; [N 2 0] = 255. The observed yield (Y) 
is 1.041 which leads to the value <*> « 1.035 when corrected 
for CO production from the S( ] D 2 ) + OCS reaction. 


v = o(OCSJ29) • a(O 2 C0a48) * 

o(OCS f 248) • <*a 2 C0,229) * 

s * id | j e (a 2 co)jj(a 2 co)) • E(Ci 2 co) 

X • in\l 0 (OCtyl(OCS)} *E(OCS) 

where 1 0 and I are the usual photometric intensities. Aside 
from the experimental results, i.e., S, R, 1 (Cl 2 CO), 
i(Cl 2 CO), yOCS), l(OCS), E(Cl 2 CO), E(OCS), the ob- 
served yield depends on absorption cross section ratios for 
the two photolytes (i.e., OCS and Cl 2 CO) at the photolysis 
and photometric wavelengths. These ratios depend rather 
strongly on the exact wavelengths and, for OCS, on the gas 
temperature. The KrF laser spectrum was measured in the 
course of this study and found to have a single peak at 
248.35 nm with a frill width at half maximum of 0.4 nm. 
The ratio a(OCS,229)/cr(OCS r 248) was determined by 
interpolation from three published tables of absorption cross 
sections [Molina et al., 1981; Rudolph and Inn, 1981, Locker 
et al., 1983]. The temperature dependence data of Locker et 
al. were used to reduce all three results to the center of the 
experimental temperature range of 296.5 to 298.0 K. The 
mean and standard deviation of the three OCS absorption 
cross section ratios are 122 1 0.2. The ratio 
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a(C)2CO r 248)/a(Cl2CO t 229) was measured in the course of 
this study to be 0.657 ± 0.005. Hence, the factor comprising 
the four absorption cross sections in equation EQ is 8.02 ± 
0.15 (uncertainty' is la). 

The only thermodynamically allowed products from 248 
nm photolysis of ground state OCS are COCX 1 !^) and a 
sulfur atom in either the ( 3 Pj) or ( J D 2 ) state. Sidhu et al. 
[1966] observed that at least 74% of the sulfur atoms are 
formed in the ( J Dj) state, in good agreement with the later 
work of Breckenndge and Taube [1970]. A more recent 
study by Sivakumar et al. [1988] has shown that for wave- 
lengths from 222 to 248 nm, S( ] D 2 ) is the only sulfur 
fragment and that CO is formed only in the lowest vibra- 
tional level but with high rotational excitation. In all the 
OCS experiments, CO formed by the reaction of S( 3 Pj) with 
OCS (k(298K) = 3.3 x 10” 15 cm ^molecule” 1 s” 1 [Klemm and 
Davis, 1974]) was produced slowly enough to be easily 
distinguished from photolytic CO. However, CO generated 
via the much faster S( ] D 2 ) * OCS reaction was essentially 
indistinguishable from photolytically generated CO. In the 
CLCO experiments a substantial fraction of the photolytic 
C6 is vibrationally excited and nitrous oxide was added to 
the sample mixture to relax the excited CO. To minimize 
differences (such as IR line broadening) between the two sets 
of experiments, N 2 0 was also added to the OCS mixtures. 
Some analysis of the reactions of S^D,) with OCS and N 2 0 
is thus required to correct the observed CO yield O') to the 
actual quantum yield (<J>). 


S(’D,) + OCS -> S, + CO (4a) 

S(‘D 2 ) + OCS -♦ S^Pj) + OCS (4b) 

S('D 2 ) N 2 0 — » products (5) 

S( ! D 2 ) * N 2 — ► products (6) 


The total rate constant for reaction (4), i.e., k 4a + k 4b . in 
units of cm 3 molecule” *s” 1 has been reported variously as 
1.2 x 10" 10 [Addison et al., 1979], 3.0 x 10" 10 [Addison et 
al., 1980; van Veen et al., 1983] and 1.5 x 10~ 10 [Black and 
Jusinski, 1985]. The branching ratio for reaction (4a), r 4 * 
k 4a /k 4 . is much less certain; Donovan et al. [1969] suggested 
r 4 £ 0.8 while Breckenridge and Taube [1970] reported r 4 < 
0.8. More recent!) Black [1986] observed r 4 * 0.20 ± 0.05. 


Table 1. Kinetic data used for correcting observed quantum 
yields for the occurence of + OCS reaction. The 

"Best Estimate*’ values are the result of a critical evaluation 
of the literature while the "Max. Con." values were chosen 
to give the largest correction consistent with literature values 
for k,, T Jt Lc, and k*. Units of rate constants are 10” 
OT 3 molecule *s~'. 


Parameter 

Best Estimate 

Max. Con. 

k 4 

20 

30 

r 4 

0.25 

0.8 


15 

5.0 

*« 

8.0 

6.0 


The rate constant for reaction (5) has been reported as 0.6 * 
k 4 [Breckenridge and Taube, 1970], 0.4 • [Donovan and 
Breckenridge, 1971] and as 1.6 x 10” 10 cmmiolecule” 1 s“ 1 
[Black and Jusinski, 1985]. For reaction (6), Black and 
Jusinski [1985] measured a rate constant of 8.5 x 10” 11 
cm 3 molecule” V 1 and McBane et al. [1992] reported (7.1 ± 
1.0) x 10“ 11 cm 3 molecule”^” 1 . In the present case the 
observed CO yield (Y) is given by 


Y * • 


1 


B • r 4 • k 4 • |OCS] 
i 4 • |OC51 * k s • [A 2 0] ♦ A 6 . |A 2 ] 


(IV) 


where B is the fraction of sulfur atoms formed in the ] D 2 
state (assumed here to be unity). Because the error term 
depends linear!) on the highly uncertain branching ratio r 4 , 
we have chosen to adopt both "best estimate" and "maxi- 
mum” corrections for the chemically generated CO signal. 
The rate constants and branching ratios for both cases are 
given in Table 1. 

Quantum yield results are presented as a function of total 
gas pressure in Table 2. Averaged over the entire data set, 
the best estimate correction for secondary CO production 
reduced the observed yield by 2 percent while the corre- 
sponding maximum correction was 10 percent The apparent 
pressure dependence of G> values obtained using the maxi- 
mum correction (see Table 2) suggests that the maximum 


Table 2. Summary of Experimental Results* 


P 

Expts. 

[OCS] 

[CljCO] 

[N 2 0] 

Laser 

Fluence 

A 

— — 

B 

c 

3.6 

3 

9.5 - 9.6 

2.1 

- 22 

70 - 72 

23.6 -24.4 

1.02 

0.99 

0.81 

7 

3 

18.8 — 1 9.9 

4.2 

- 4.3 

137 -141 

23.8 -24.6 

1.07 

1.04 

0.85 

10 

36 

6.4 -26.9 

1.3 

- 6.5 

48 -310 

7.6 -26.3 

1.08 

1.06 

0.94 

15 

3 

12.0 -12.3 

2.7 

- 2.8 

89-90 

23.9 -24.8 

1.08 

1.07 

0.99 

20 

3 

10.6 -12.4 

2.8 

- 2.9 

90-91 

233 -24.8 

1.05 

1.04 

0.98 

30 

7 

122 -13.6 

2.8 

- 4.6 

89 -262 

19.1 -23.3 

1.09 

1.08 

1.03 

40 

14 

10.2 -44.1 

2.4 

- 8.5 

90 -203 

22.9 -24.5 

1.00 

0.99 

0.94 

50 

3 

20.5 -21.5 

4.6 

- 5.0 

151 -153 

23.4 - 23.8 

0.96 

0.95 

0.91 

60 

3 

23.1 -25.3 

5.1 

- 5.7 

180 -181 

23.6 -24.0 

1.02 

1.01 

0.97 

80 

3 

30.4 -32.0 

12 

- 7.7 

239 -240 

23.5 -24.9 

i.n 

1.10 

1.06 

100 

11 

12.2 -42.4 

2.6 

-10.5 

302 -315 

23.0 -24.6 

1.06 

1.06 

1.02 


89 

6.4 -44.1 

1.3 

-10.5 

48 -315 

7.6 -26.3 

1 .06 ±0.04 

1.04 ±0.04 

0.96±0.05 


(a) Units are P(Ton); Concentrations (1 0 1 5 molecules cm” 3 ); Fluence (mJ cm” 2 ). 

(b) A: uncorrected yield; B: best estimate correction for secondary CO production; C: maximum possible 


correction for secondary CO production. 
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corrections are overly severe. The best estimate correction 
of two percent is smaller than the experimental uncertainty 
and suggests that reaction (4a) is not a significant source of 
CO in the present work. The yields and sample standard 
deviations at each of the pressures shown in Table 2 are all 
comparable to the overall results. This is a good indication 
that the measurement errors are uniformly random. The best 
estimate value for <X> ± lo of 1.04 ± 0.04 represents the 
weighted mean and standard deviation of the results at each 
pressure after application of the "best estimate” correction for 
secondary CO production; the weighting factors are the 
number of experiments at each pressure. Combining the 4% 
variability in the measured value for <X> with an estimated 2% 
standard deviation in the product of absorption cross section 
ratios appearing in equation (El), leads to an overall 2o 
uncertainty of 9%, i.e , O ■ 1.04 ± 0.09 at the 95% confi- 
dence level. Hence, we report <X> > 0.95 with a roost proba- 
ble value of unity, ft should be remem leered that the value 
of <J> we report is actually the ratio of the CO yield from 
OCS photolysis to the CO yield from Cl 2 CO photolysis. 
However, it seems virtually certain that the CO yield from 
Cl 2 CO photolysis is unity . 

The role of OCS as a source of stratospheric background 
(i.e., non-volcanic) sulfur aerosol has recently been analyzed 
by Chin and Davis [1994], Using 0.85 as the OCS 
photodissociation quantum yield, i.e., the average of estimat- 
ed maximum and minimum values, Chin and Davis conclude 
that photodissociation is the dominant stratospheric OCS 
destruction process and calculate a production rate of 
stratospheric background aerosol from OCS oxidation of 
3.2 x 10 10 g S yr“\ i.e., only 20-50% of the most recent 
estimates of the amount needed to maintain the background 
aerosol level [Servant, 1986, Hofmann, 1990]. Another 
interesting aspect of the Chin and Davis study is their finding 
that about 90% of OCS which is transported from the 
troposphere into the stratosphere is not photochemical ly 
destroyed, but instead is transported back to the troposphere 
where most of it is removed via uptake by vegetation. The 
OCS photodissociation quantum yield reported in this study 
will increase the calculated production rate of stratospheric 
background aerosol from OCS oxidation by about 15%, and 
will also slightly decrease the percentage of OCS which 
cycles from the stratosphere back to the troposphere without 
being photochemical!) destroyed. 
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The fate of atmospheric phosgene and the stratospheric chlorine 
loadings of its parent compounds: CCI4, C2CI4, C2HCI3, 
CH 3 CC1 3) and CHC1 3 

T. P. Kindler, 1 W. L. Chameides, P. H. Wine, 2 * * D. M. Cunnold, and F. N. Alyea 

School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta 

J. A. Franklin 

Sol vi y S.A., Central Labomory, Brussels, Belgium 

Abstract A study of the tropospheric and stratospheric cycles of phosgene is carried out to 
determine its fate and ultimate role in controlling the ozone depletion potentials of its parent 
compounds (CCU, C 2 C 1 4 , CH 3 CC 1 3 , CHC 1 3 , and C 2 HC 1 3 ). Tropospheric phosgene is produced 
from the OH-initiated oxidation of C 2 CI 4 , CH 3 CC) 3 , CHC1 3 , and C 2 HG 3 . Simulations using a 
two-dimensional model indicate that these processes produce about 90 pptv/yr of tropospheric 
phosgene with an average concentration of about 18 pptv, in reasonable agreement with 
observ ations. We estimate a residence time of about 70 days for tropospheric phosgene, with 
the vast majority being removed by hydrolysis in cloudwater. Only about 0.4% of the phosgene 
produced in the troposphere avoids wet removal and is transported to the stratosphere, where its 
chlorine can be released to participate in the catalytic destruction of ozone Stratospheric 
phosgene is produced from the photochemical degradation of CCI 4 , CjCU, CHC1 3 , and 
CH 3 CC 1 3 and is removed by photolysis and downward transport to the troposphere. Model 
calculations, in good agreement with observations, indicate that these processes produce a peak 
stratospheric concentration of about 25-30 pptv at an altitude of about 25 km. In contrast to 
tropospheric phosgene, stratospheric phosgene is found to have a lifetime against 
photochemical removal of the order of years As a result, we find that a significant p>ortion of 
the phosgene that is produced in the stratosphere is ultimately returned to the troposphere, 
where it is rapidly removed by clouds. This phenomenon effectively decreases the amount of 
reactive chlorine injected into the stratosphere and available for ozone depletion from 
phosgene's parent compounds, we estimate approximate decreases of 14, 3, 15, and 25% for 
the stratospheric chlorine loadings of CC1 4 , CH 3 CC 1 3 , CjCU, and CHC 1 3 , respectively. A 
similar phenomenon due to the downward transport of stratospheric COFC 1 produced from 
CFC -1 1 is estimated to cause a 7% decrease in the amount of reactive chlorine injected into the 
stratosphere from this compound. Our results are potentially sensitive to a variety of 
parameters, most notably the rate of reaction of phosgene with sulfate aerosols. However, on 
the basis of the observed vertical distribution of COCl 2 , we estimate that the reaction of COCl 2 
with sulfate aerosol most likely has a y< 5x] 0 5 and, as a result, has a negligible impact on the 
stratospheric chlorine loadings of the phosgene parent compounds. 


1. Introduction 

Phosgene (COCl 2 ) is produced in the Earth's atmosphere from 
the degradation of a variety of chlorinated compounds including 
tetrachloroethylene (CjCU), trichloroethylene (CjHC 1 3 ), chloro- 
form (CHC1 3 ), methylchloroform (CHjCC 1 3 ), and carbon tetra- 
chloride (CCU) [e.g., Heins and Wilson , 1992]. These chlorin- 
ated compounds fall into two generic reactivity classes: 
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(1) CjCU, CjHC)^ CHClj, and CHjCCU the four reactive phos- 
gene parent compounds (referred to here as the RPP compounds) 
that are destroyed primarily in the troposphere by reaction with 
OH, and (2) CCU which is unreactive in the troposphere and is 
destroyed primarily by photolysis in the stratosphere Thus the 
degradation of the RPP compounds leads to the production of 
tropospheric COCl 2 , while CCU and to some extent also the RPP 
compounds lead to the production of stratospheric COC1: 

Tropospheric COCI: is believed to be removed from the at- 
mosphere by rainout and ocean deposition [Singh, 1976; Singh et 
cl., 1977] with a residence time of the order of months [Heins 
and Wilson, 1992] Observations suggest 1 fairly uniform dis- 
tribution in the troposphere with an average concentration of 
about 15-20 pprv and a weak seasonal cycle of about 20% 
[Singh, 1976, Singh et al. % 1977, Wilson et ai, 1988). Strato- 
spheric COCI:, on the other hand, is believed to be removed by 
UV-photolysis, and observations indicate a peak concentration 
of 25-30 pprv at about 25 km [Cruiien et ol., 1978, Wilson et al . 
1988). 
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While the subcycles of tropospheric and stratospheric COCh 
have been studied previously ( Cruaen et al. % 1978, Heins and 
Wilson , 1992], the interaction between these subcycles has not 
been studied, and yet, this interaction may potentially affect the 
ozone depletion potentials (ODPs) of phosgene’s parent com- 
pounds. For instance, if instead of being removed in the tro- 
posphere, a small fraction of the COCh produced in the tro- 
posphere from the RPP compounds is transported into the strato- 
sphere and photochemically degraded there, the chlorine re- 
leased in this degradation could contribute to the destruction of 
stratospheric ozone and thus cause an increase in the ODPs of 
the RPP compounds. On the other hand, if a fraction of the 
COCI 2 produced in the stratosphere were transported to the tro- 
posphere before degradation, the ODPs of the compounds pro- 
ducing stratospheric COCI 2 would be decreased. 

To address this issue, we have developed a two-dimensional 
(2-D) model to simulate the tropospheric cycle of COCb and 
thereby estimate the fraction of COCI 2 produced in the tro- 
posphere that is transported to the stratosphere. A one- 
dimensional (1-D) stratospheric model is then used to estimate 
the fraction of COC1: that is produced in the stratosphere and 
transported to the troposphere, where it is finally removed. In 
our discussion it will be convenient to distinguish two types of 
COCh' (1) "tropospheric phosgene," that is, COCI 2 produced 
from the OH-iniiiated oxidation of the RPP compounds in the 
troposphere, and (2) "stratospheric phosgene," that is, COCb 
produced from the photolysis of CCh as well as the photolysis 
and OH-initiated oxidation of the RPP compounds in the strato- 
sphere. B> Dalton's lav, the total COCI 2 cycle is then repre- 
sented by the sum of these two independent subcycles. It is im- 
portant to bear in mind that the terms "tropospheric" and 
"stratospheric" used in this context refer to the region of the at- 
mosphere where the COCI 2 is produced, not necessarily to 
where it is found Thus tropospheric COCI 2 can, in principle, be 
transported to and reside in the stratosphere, and stratospheric 
COC1: can be transported to and reside in the troposphere 

In the next sections we first describe the sources of atmos- 
pheric COC1; included in our calculations We then discuss the 
basic components of our tropospheric and stratospheric models 
and the results of our model simulations for COCh as well as 
phosgene's parent compounds In the final sections we discuss 
the implications of our calculations for the ODPs of phosgene’s 
parent compounds 

2. The Production of Phosgene 

Atmospheric COCh is produced from the oxidation of chlo- 
rinated eihenes and ethanes [Ohm and Mizoguchi, 1980, Nelson 
ei fl/., 1984. 1990], and a review of the known source strengths 
of these compounds suggests that the major contributors to this 
production are CjCL», CjHCh, CHCh, CHjCCh and CCU 
[5mgh, 1976; Wilson et al. % 1988, Turnon et a/., 1988, Heins 
and Wilson , 1992]. As was noted earlier, these compounds fall 
into two generic classes: the RPP compounds, which react with 
OH and absorb in the UV and thus can produce COCh in both 
the troposphere and the stratosphere, and CCU which does not 
react with OH in the troposphere and thus produces COCh only 
in the stratosphere. 

Because the degradation mechanisms of both the RPP com- 
pounds and CCU are not well defined, particularly in the case of 
the chloroethylenes. the yield of COCh from the oxidation of 
these compounds is uncertain. Nevertheless, reasonable esti- 
mates for these yields can be deduced on the basis of the mo- 


lecular structures of the parent compounds along with recent 
laboratory experiments. In Table 1, we summarize the COCh 
yields adopted in our calculations from the OH-initiated oxida- 
tion and photolysis of each of COCh's parent compounds Note 
Chat as was described earlier, we divide the sources into two 
components (1) production of tropospheric phosgene and 
(2) production of stratospheric phosgene. 

3. Model Formulation for Tropospheric Phosgene 
and Its Parent Compounds 

The basic framework for out tropospheric simulation is the 
2-D model of Cunnold et al. (1983] and Cunnold et al. [1986]. 
The model, which was developed and validated using the At- 
mospheric Lifetime Experiment and Global Atmospheric Gases 
Experiment (ALE/GAGE) data sets, distributes and transports 
atmospheric tracers in the vertical and latitudinal directions 


Table 1, COCh Yields Assumed in Model Calculations 


Source 

Yield 

References and Notes 


Tropospheric Phosgene Sources 

CiCL + OH 

0.47 COCh 

Tuazon et al [1988] 

CjHCh 4 OH 

0.4 COCh 

Tuazon et al [1986] 

CH,CCh + OH 

1 COCh 

uppeT-limit yield assumed 
on the basis of molecular 
structure of parent com- 
pound 

CHCh 4 OH 

1 COCh 

upper-limit yield assumed 
on the basis of molecular 
structure of parent com- 
pound 


Stratospheric Phosgene Sources 

CCti + hv 

ICOCh 

DtMoore et al [1992] 

C 7 CU 4 hv 

ICOCh 

Berry 11974] 

CjCL + OH 

0.47 COCh 

Tuazon et al [1988] 

CHjCCh 4 hv 

OCOCh 

Nelson et al. [1984] 

CHjCCh 4 OH 

ICOCh 

upper-limit yield assumed 
on the basis of molecular 
structure of parent com- 
pound 

C 3 HCI 3 4 hv 

0 COO: 

upper-limit yield assumed 
on the basis of molecular 
structure of parent com- 
pound 

ChHCh + OH 

0.4 COCh 

Tuazon et al [1988] 

CHCh 4 hv 

OCOCh 

Nelson et al. [1984] 

CHCh 4 OH 

ICOCh 

upper-limit yield assumed 
on the basis of molecular 
structure of parent com- 
pound 
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This is accomplished by «pportioning the ionosphere into 12 
hydrostatic boxes as illustrated in Figure 1. The concentration, 
CU), of species J in the nth box is determined in the model by 
integrating the time-dependent mass continuity equation 

dC"(J) C" (J) . 

— + S"(J)*T"(J) (1) 

dt t (J) 


where T*(J) is the lifetime for species J against photochemical 
loss and/or wet removal in box n, S"(J) represents the production 
of species J from photochemical processes (and emissions for 
the surface boxes) within box n, and T(J) represents the net 
transport of J into box n 

Transport between boxes in the 2-D model is simulated using 
zonally averaged meridional and vertical velocities and eddy dif- 
fusion coefficients, these parameters were taken from Newell ex 
al. [1969] and appropriately modified to optimize the model's 
ability to reproduce the observed distribution of CFCI3 as de- 
scribed by Cunnold ex al [1986] and Prinn ex al. [1987], It 
should be noted that the model, which includes only transport 
between neighboring boxes and has transport coefficients in- 
ferred from the distribution of long-lived tracers (with lifetimes 
longer than a few years), is not ideally suited to the simulation 
of a compound like COCh, whose atmospheric residence time is 
of the order of a month or two On the other hand, observations 
suggest that COCJ: is relatively we II -distributed in the tro- 
posphere without major spatial or temporal gradients [5/ng/i et 
al . . 1977; 1978. Wilson ei al.. 1988). This is probably due to the 
fact that COClr’s sources and sink are disperse, its sources 
arising from the photochemical decomposition of its relatively 
long-lived parent compounds and its sink from slow 1 hydrolysis 
in cloudwater (Calculations using the formulation of 
Chameides [1984] indicate that only about 3% of the available 
COC1: within an air mass is removed by hydrolysis over the 
lifetime of a typical cloud This estimate is not inconsistent with 
the observations of Singh [1977] who measured COC1: concen- 
trations in an air mass before and after a 2 to 3-day storm period 
and observed a decrease of only about 15-20**.) The absence of 
significant gradients in the distribution of COCI 2 suggests that 
the simulations presented here should provide a reasonable es- 
timate of 11 s distribution and atmospheric budget. In fact, as we 
illustrate in section 9. a sensitivity model calculation in which 
we alter the transport code to allow for convectivelike transport 
from the lower troposphere to the stratosphere yields essenually 
the same results as those from our standard model 
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Figure 1. Schematic of the 12-box, two-dimensional model of 
the atmosphere. 


Three loss processes are considered in the determination of 
T*(J) in our standard model; these are loss via reaction with tro- 
pospheric OH, loss in the troposphere by wet removal, and pho- 
tochemical destruction in the stratosphere, so that 

f v» 

1 1 




UohU) 




: 1 -8 


( 2 ) 


AJ)-t ' (J) 


= 9-12 


(3) 


The Kfetime, igainsi kws vi» reaction with tropospheric 

OH is calculated using the seasonally varying OH distribution 
derived to reproduce the CH3CCI3 distribution and trend 
(CH3CCI3 atmospheric lifetime * 5.7 years) observed from the 
ALE/GAGE network [Cunnold ex al. % 1983, Prinn ex al 1992]. 
Thus 

t • (J) *= — (<) 

C’(OHHohCJ) 

where ko«(J) is the rate constant for the reaction of species J 
with OH The lifetime, T " (J), against loss due to wet re- 
moval is treated in the model using the parameterization de- 
scribed in section 4 and the lifetime. against loss in the 

stratosphere is estimated using a one-dimensional eddy diffusion 
model, as described in section 5. 

It should be noted that the tropospheric lifetimes defined by 
equation (2) only account for reactions of the RPP compounds 
with OH. However, it has been proposed that Cl-initiated oxi- 
dation in the marine boundary layer could be an important sink 
for organic compounds such as CjCL which react rapidly w-ith Cl 
[Smg/i and Kasxing , 1988. Keene ex al 1990). On the other 
hand, the spectroscopic measurements of Harris ex al [1992] 
indicating an upper limn of 0.25 ppbv for HC1 (compared to 1 
ppbv adopted by Singh and Kasxing. 1988) in the marine bound- 
ary layer suggest that the role of Cl may be more limited In the 
calculations presented here Cl-initiaied reactions have been ne- 
glected. In the case of CjCL, however, which has an extremely 
large rate constant with Cl [Axlanson and Aschmann , 1987]. a 
brief discussion of the possible effects of this reaction is pre- 
sented in section 9. 


4 . Tropospheric W et Removal 

Kinetic and photochemical data suggest that COC1: is essen- 
dally unreactive in the troposphere, its reaction with OH is en- 
dothermic [DeMore ex al . , 1992), it is unreactive toward H;0 
vapor [Buxler and Snehon , 1979] and its absorption cross sec- 
tion in the near UV and visible is quite small I Singh . 1976. 
Heydimann % 1991]. On the other hand, COC1: is known 10 dis- 
solve in water and hydrolyze [Manogue and Pigford , 1960] and 
as a result is most likely removed from the troposphere by 
cloudwater and by deposition onto the ocean and other wet sur- 
faces [Sing/i, 1976, Wine and Chameides, 1989]. Thus a simu- 
lation of the COCI: atmospheric cycle requires a quantitative 
treatment of its wet removal in clouds and to the ocean 
(Treatment of deposition to the ocean is also needed in our cal- 
culations to accurately simulate the production of COCI: from 
the oxidation of CH 3 CCI 3 , since ocean deposition appears to rep- 
resent a nonnegligible sink for this compound [Wine and 
Chameides , 1989, Buxler ex al .. 1991)). To properly simulate 
these loss processes, we adopted a wet removal parameterization 
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based on the formulations of Johnson |1981], Wine and 
Chameides [1989], and Butler et al. [1991], This parameteriza- 
tion is described below. 


4.1. Wet Removal Parameterization for Phosgene and Other 
Chlorinated Compounds 


A schematic illustration of our wet removal parameterization 
is presented in Figure 2. We consider two removal pathways: 
one pathway involving removal by clouds, and the other involv- 
ing removal by deposition to the ocean The flux C>,(J) of spe- 
cies J through pathway i is represented by the ratio of the spe- 
cies' atmospheric concentration C(J) and a parameter referred to 
as the pathway ’’resistance," R, which has units of second per 
centimeter [ Danck*>ens , 1970]. Thus 



(5) 


The total flux. CWu*(J), through both pathways is then deter- 
mined by adding the two resistances as if they formed a parallel 
circuit, so that 


^wei- lot (■!) = D * C(j) 

^ int 


1 


1 


4 


octan ia ^ 


^ daud- ici J j 


( 6 ) 


where Roc* at-ioi and Rcioud-ux represent the resistances for loss to 
the ocean and to clouds and rain respectively. 

As is illustrated in Figure 2, deposition to the ocean is as- 
sumed to be controlled by four processes, these are transport 
from the free troposphere to the marine boundary layer, trans- 
port through a thin "film" or stagnant layer between the atmos- 
phere and the ocean surface, transport through a thin film on the 
ocean surface, and transport into and loss via hydrolysis in the 
ocean In the case of the last process, we consider downward 
transport and hydrolysis in two ocean layers, the mixed layer and 
the so-called deep ocean below the thermocline. 

Similar to the formulation adopted in equation (5) for the to- 
tal pathway resistance, the flux or loss due to each of the four 
processes used to simulate ocean deposition can be represented 



Figure 2. Schematic illustration of the processes included in the 
wet removal parameterization 


in terms of a ratio between a concentration and a resistance spe- 
cific to that process Because these process-specific resistances 
act in series, it can be easily shown that 






OCtir 


(7) 


l ***** J 

where f«x*r is the fraction of the surface covered by ocean and 
the r are used to represent the resistances for each of the proc- 
esses listed above. For our simple zeroth order calculations, 
f — is assumed to be 0.7, while for our 2-D model calculations 
it is allowed to appropriately vary with latitude. The process- 
specific resistances r, like the total pathway resistance R, have 
units of seconds per centimeter. In general it can be showTi by 
solving the one-dimensional diffusion equation (or Fick’s law), 
that r is given by the thickness of the layer of transport (often re- 
ferred to as the film thickness) divided by the appropriate diffu- 
sion coefficient [Danckwerts, 1970]. 

Loss in clouds is assumed to be controlled by three processes: 
these are transport from the ambient atmosphere to the intersti- 
tial air of a cloud, and transport to and acconvnociation on the 
droplet surface, and transport into and hydrolysis within the 
droplet interior. As in the case of ocean deposition, the total re- 
sistance due to rainout can be represented as a sum of the re- 
gime-specific resistances so that 


Rciou4-tfM * (r*m><k*»d + r accwn»K>d»iJor'+ Tcloud) 


( 8 ) 


where the r are again used to represent the resistances through 
each of the transport regimes. 

The expressions and values adopted here for each of the 
process-specific resistances are listed in Table 2. While the r 
values can in general vary considerably depending on the spe- 
cific species’ thermodynamic properties and the assumed state of 
the atmosphere and ocean, a few generalizations can be made for 
the range of species considered here and for the conditions as- 
sumed for the atmosphere and ocean We find, for instance, that 
loss to the ocean in our calculations is always limited by the 
ocean film resistance (Tootm-r^) and/or the ocean resistance 
(roc*A/0 The relative contributions of these two resistances 
largely depends on the species’ hydrolysis rate, kj. We find that 
resistance at the thin film generally controls the rate of ocean 
deposition for species with relatively large rates of hydrolysis 
(i.e., ki > 3.5xl0‘ 5 s* 1 ). Ocean deposition for specie s with rela- 
tively small hydrolysis rates, on the other hand, is generally 
dominated by the ocean resistance. For all cases considered 
here, the resistances due to transport from the free troposphere 
to boundary layer (ram) and to the ocean surface (r v ^r) have a 
negligible impact; these resistances are important only for spe- 
cies with extremely high solubilities and/or hydrolysis rates, and 
such species are not considered in this work 

For removal by clouds we find that rek*j. the resistance due to 
transport into and hydrolysis in the droplet, is generally the 
dominant term, with r m rton the resistance due to transport 
from the atmosphere to the interstitial air of the cloud, making a 
non negligible contribution only in the case of species with rela- 
tively large solubilities and/or hydrolysis rates. (In the case of 
the compounds specifically considered here, including COCIj, 
always makes a negligible contribution to the total wet- 
removal resistance.) Note that for our determination of 
r«ccommod«o<w. we have assumed that the accommodation coeffi- 
cient a is always greater than 10 5 ; this assumption seems rea- 
sonable in light of several different laboratory experiments 
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Table 2a. Resistances r Used to Determine Rate of Ocean Deposition for Wet Removal Parameterization 
Resistance, r Value or Expression Used Comments and References 


Resistance due to transport from the free troposphere to 
the boundary layer estimated from the inverse of the 
marine boundary layer entrainment velocity of 2-5 mm/s 
[Bandy et al ., 1992). Note that this resistance does not 
have a significant impact on overall ocean deposition rate 
for the range of species considered here. 

Resistance due to transport through thin air film between 
the ocean and atmosphere adopted from Liss {1983] 
Note that this resistance does not have a significant im- 
pact on overall ocean deposition rate for the range of 
species considered here. 

Resistance due to transport through thin ocean film be- 
tween the ocean and atmosphere is based on formulation 
of Uss {1983). 

V 1 Resistance due to transport through and hydrolysis in 
ocean is based on a two-layer ocean transport formula- 
) bon similar to that of Butler e\ al {1991], Diffusion 
coefficients D» and Dj where adopted from Johnson 
[1981]. Latitudmally dependent ocean temperatures for 
determining hydrolysis rates were taken from Reynold < 
[1982] for the mixed-layer and were assumed to be one- 
half of the mixed-layer temperature (in °C) for the ther- 
mocline following Butler et al 1 1 99 1 ]. Latitudmally- 
dependent mixed layer thicknesses were adopted from Li 
eta l [1984] 

Here. r,= 170s/cm. R is gas constant, T is temperature, N A is Avogadro s number. H is species' solubility constant. 
S=(D, a, + D ; a r ) /( 2 D, a,) e*' , \ Q=(D, a, -D 2 a 3 )/(2 D, a,) e'*'* 1 , • ■ ^k,/D, , a : * ^k./Dj . k, is 

pseudo first-order hydrolysis rate constant in ocean mixed layer, k; « pseudo first order hydrolysis rate constant 
belou ocean thermocline, Di is diffusion coefficient in ocean mixed layer (« 40 cm 2 /s). D; is diffusion coefficient 
be)ou ocean thermocline (* 1.7 cm 2 /s), and i\ is thickness of ocean mixed layer 




3.5 s/cm 




1.25 s/cm 


tncrtrfilm 


S 

HRTN.10 3 


foe tar 


H J k,D 


S-Q l 

s + o 


RTN a iff 3 


which all yield accommodation coefficients significantly larger 
than 10 ? for a vanery of species of varying solubilities 
[Mozurkewich ei al 1987, Jayne et al ., 1990, Van Doren et al., 
1990]. Given this assumption for cl, we find that r«x«nmo<iauor 
has a negligible impact on the overall rate of rainout for all spe- 
cies considered here. This latter result, which is equivalent to 
having thermodynamic equilibration of the species between the 
gas and aqueous phases of the cloud, is consistent with more 
detailed cloud chemistry calculations which yield gas/aqueous 
phase equilibration times for soluble species in clouds of only 
several seconds or less [ Chameides , 1984, Schwanz, 1986]. 

4.2. Zeroth -Order Evaluation of Wet Removal Lifetimes 

Before describing the application of the wet removal 
parameterization to our 2-D model, it is useful to use the 
parameterization in a zero-dimensional model to roughly esti- 
mate the range of wet removal lifetimes that we might expect to 
find for species as a function of their solubility and hydrolysis 
rate. To cany out this "zeroth -order evaluation" we first as- 
sume. for simplicity, that all species are distributed in the atmo- 
sphere with constant mixing ratios; we also neglect longitudinal 
and latitudinal variations. With these simplifications, the 


globally averaged lifetime, T 
estimated by 


•V| 


(J), for a species "J' can be 


t (J). 


H a C(J) 


H a 


vi 


'cloud -loi / 


(9) 


where H A is the atmospheric scale height (taken here to be 
8.4 km). 

Wet removal lifetimes calculated from equation (9) using 
ocean and rainout resistances appropnate for globally averaged 
atmospheric and oceanic conditions (see Table 2) are plotted as 
a function of the species’ solubility and mixed layer hydrolysis 
rate constants in Figure 3. Not surprisingly, we find that the 
total wet removal lifetime increases dramatically with decreas- 
ing solubility and decreasing hydrolysis rates. Note in Figure 3 
that lifetimes of the order of 10 days are obtained for species 
with solubilities and hydrolysis rates greater than 1 (in units of 
molar per atmosphere and s’\ respectively). On the other hand, 
lifetimes of ) 000 years or longer arc obtained for species with 
solubilities less than 1CT 4 M/atm and hydrolysis rate constants 
less than 10‘ 2 s V 

In Figure 4 we plot the ratio of R<xw «ot to Rcioud »ot When 
this ratio is greater than one, removal via cloud deposition 
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Table 2b. Resistances r Used to Determine Rate of Loss in Clouds for Wet Removal Parameterization 


Resistance, r Value or Expression Used Comments and References 


Jam-cloud 


1 .0 s/cm 


(l-t-(4l)/(3ra))r } 
W L 1 ^(g R T)/(m n ) 


Jclnud 


1 

HK W L RTN a 10 3 


Resistance due to transport from the atmosphere to the 
interstitial air in a cloud assumed to be 1.0 s/cm. This 
value is adopted to ensure that the minimum lifetime for 
rainout of an infinitely soluble species is 10 days. Note 
that this resistance does only have a minor impact on 
overall rainout rate for the range of species considered 
here 

Resistance due to transport to and accommodation on the 
droplet surfaces based on the formulation of Chameides 
(1984] and Schwartz [1986]. For our zeroth -order calcula- 
tions, a value of 8.1 10* L/cm 2 was adopted for the cloud 
liquid water column concentration [Creenwald et al % 

1993]. For our two-dimensional model calculations, a 
latitudinal ly-dependent cloud liquid water column concen- 
tration given by Greenwald et al. interpolated for cvct^ ^ 
month of the year was used. It Was further assumed that at 
each latitude, 75% of the liquid water column resided be- 
tween 1000 and 500 mbar and the remaining 25% resided 
between 500 and 200 mbar. Note that as long as a > 1 0' 5 , 
this resistance does not have a significant impact on overall 
wet deposition rate for the range of species considered 
here 

Resistance due to transport into the cloud droplet and loss 
via hydrolysis is based on formulation of Chameides 
11984] and Schwartz (1986] Note that for the range of k 
adopted here, a dissolved species is always found to be 
well mixed within the droplet, and thus Tt*** is found to be 
independent of transport parameters such as the molecular 
diffusion coefficient 


Here, 1 is mean free path (e 10 5 cm), r is droplet radius (* 10 * cm), a is accommodation coefficient m is species 
molecular weight. R is gas constant, W L is total cloud liquid water column concentration in liters per square centi- 
meter. k is firsi-order hydrolysis rate constant in cloud. N A is Avogadro's number, H is species' solubility constant. 
T is droplet temperature for ttccrmmas*^ and cloud temperature for raoud 


dominates, and when the ratio is Jess than one. removal by ocean 
dominates The results indicate two clear regimes, with ocean 
deposition dominating in one and cloud removal dominating in 
the other. For the range of H and k considered here, the bound- 
ary between these two regimes is found to lie approximately 
along the k e 1 s ' 1 line When k < 1 s*\ we find that ocean 
deposition is the dominant pathway, while when k> 1 s * 1 cloud 
removal is the dominant pathway. Interestingly, the location of 
the boundary' is largely independent of H. This occurs because 
for the range of H and k considered here, both Roc*»-»o< md 
Rcioud -ioi v ary as 1 /H and thus their ratio is independent of H 
The general findings presented in Figures 3 and 4 are illus- 
trated in greater detail in Table 3, where we list the relevant in- 
put parameters and the resulting lifetimes for three compounds 
of interest to this work COCI 2 . the compound with the largest 
solubility and rate of hydrolysis considered here; CHiCCly, a 
compound with a more moderate solubility and hydrolysis rate; 
and CHCI 3 . a compound with a relatively small solubility and 
rate of hydrolysis The wet removal lifetimes are found to vary 
from less than 0.2 years for COCh. to about 130 years for 
CH 1 CCI 3 . to 50.000 years for CHCI 3 Consistent with the gen- 


eral results illustrated in Figure 4, we find in Table 3 that cloud 
removal is the dominant wet removal pathway for COC)?. while 
deposition to the ocean dominates for CH 3 CCI 3 and CHCI 3 (Note 
that our CH 3 CCI 3 lifetime is essentially consistent with the es- 
timate of Butler et al [1991] and somewhat longer than that 
obtained by Wine and Chameides [1989].) As we will see later 
these lifetimes result in our finding that wet removal is a major 
gink for tropospheric COCI 2 , a minor sink for CH 3 CCI 3 , and a 
negligibly small sink for CHG 3 . 

43. Two-Dimensional Application of Wet Removal Parame- 
terization 

In order to apply the wet removal parameterization 10 the 2-D 
model, an ocean removal lifetime T * for the surface boxes 

aoun-ui 

(i.e., n * 1-4) and a cloud removal lifetime T dow * lfl for al) the 
tropospheric boxes (i.e., n * 1-8) must be specified To do this, 
we assume that within each box, pressure and density are hydro- 
statically related We also assume that the deposition flux to the 

ocean is proportional to C" (J). the concentration of the species 
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Figure 3. Zeroth -order estimate of specie s’ atmospheric lifetime against wet removal as a function of the spe- 
cies' solubility H and hydrolysis rate constant k. (To produce this figure, we assumed that the mixed-layer hy- 
drolysis rate constant and cloud hydrolysis rate constant were equal and that the deep ocean hydrolysis rate 
constant was equal to one third of the mixed-layer hydrolysis rate constant. These assumptions made the' 
parameterization a function of only two independent variables and thereby facilitated its illustration. Note that 
in general our results are insensitive to the exact value of the deep-ocean hydrolysis rate constant.) 


at the bottom of the box, while cloud removal is proportional to 
C n (J). the average concentration in the box. It then follows that 
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(10a) 5. Stratospheric Model 

We determine the stratospheric lifetimes by first estimating 
the vertical profiles of the species within the stratosphere using 
a 1-D eddy-diffusion model. These profiles are then used along 
with their rates of loss in the stratosphere as a function of alti- 
tude to calculate the lifetimes in the corresponding boxes of the 
2-D model as a function of the solar zenith angle The 1-D 
model divides the atmosphere from the tropopause (i.e., z * 
(10b) 12 km for global average conditions) to 49 km into 38 layers. 
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Table 3. Zeroth-Order Estimation of the Wet Removal Lifetime of Phosgene (COCI 2 ), Methylchlo 


roform (CH. 3 CCI 3 ), and Chloroform (CHCI 3 ) Using Equation (5) 



COG: 

CH 3 CCI 3 

CHCb 


Ocean deposition 



H, solubility constant, M/arm 

0.2 

0.08 

0.00554 

k), hydrolysis rate constant in mixed layer, s’ 1 

5 

1.3 4 

8.6x10'" 

k;, hydrolysis rate constant at thermocline, i ] 

5 

2.3 xlO 4 

1.5x10" 

r«m, s/cm 

3.5 

3.5 

3.5 

iWrua>. a/ cm 

1.25 

1.25 

1.25 

Toceir fil»« S/CTT) 

35.37 

*8.44 

1.28x10’ 

to*** s/cm 

1.47x10 2 

337x10’ 

1.33x10* 

Rocur-4m« S/Cm 

40.14 

3.47x10’ 

1.34x10* 

years 

1.53 

131.9 

5.08x10* 


Cloud deposition 

, * 


H. solubility constant, M/atm 

0.2 

0.08 

0.00554 

k, hydrolysis rate constant, s ] 

5 

7.57xl0" 

4.2x10’ 

a, accommodation coefficient 

> 10 5 

> 10 5 

> 10 s 

taim-cVou<j. S/cm 

1.0 

1.0 

1.0 

r«ccammodauor>- S/cm 

<0.69 

<0.80 

<0.76 

r c iouo- s/cm 

5.68 

9.37x10" 

2 46x10" 

Rctood-ir*. s/cm 

6.68 

9.37x10" 

2 46x10" 

Tcinunn.. years 

0.18 

2.5x1 0 ,n 

6.56x10" 


Total wet removal 



Wi<». years 

0.16 

131.85 

5.08x104 


Calculations earned out assuming a global mean T of 293 K for the mixed layer and 283 K for the thermocline. a 
mixed laveT depth of 75 m [L et al. , 1984), and T for clouds of 265 K. Solubility and hydrolysis rate constants for 
COCb, CH?CCK, and CHClj taken from D. Worsnop (private communication, 1993), Gerkens and Franklin 
[1989], and Jeffers ei al. [1989], respectively Note that the data for COCI 2 are uncertain [De Bnryn ei al % 1992). 


each having a thickness of 1 km A constant concentration C© is 
specified at the lower boundary (i.e., tropopause). and a flux of 
zero is assumed at the top boundary. The model then deter- 
mines the species’ concentration C, as a function of altitude z by 
integrating the steady state continuity equation 

0* S,(J) + L, (J) C, (J)+^" n M j (11) 

where S 2 represents the source of the species (in units of mole- 
cules per cubic centimeter per second) as a function of altitude 
z, U the loss of species (in units of reciprocal seconds), K* the 
eddy diffusion coefficient (adopted from Luther ei al ^ {1979]), 
nM the atmospheric numoer oeji&uy, and A z tne species' 
mixing ratio (v/v). 

In our standard model, the rate of stratospheric loss is de- 
termined from two photochemical processes: photolysis and re- 
action with OH (Calculations indicate that reactions of the 
compounds considered here with O^D) and with Cl atoms do 
not play a significant role.) Thus 

1*0) ■ VJ)4koH(J)C,(OH) (12) 


where J z is the photolysis frequency for species J (in units of re- 
ciprocal seconds) as a function of altitude z, and the other terms 
are all defined earlier. Concentrations for OH were adopted 
from Singh and Kasting [1988] and photolysis frequencies were 
calculated using the radiative transfer model of Stamnes ei al 
(1988) with cross sections and quantum yields taken from 
DeMore et al. [1992] and Berry [1974] for the RPP compounds 
and Heydtmann [1991] for COCb. 

In addition to the standard model calculations described 
above, we have carried out three sets of sensitivity model calcu- 
lations: ( 1 ) calculations with K* increased and decreased by a 
factor of 2; (2) calculation with C*(OH) increased and decreased 
by a factor of 5, and (3) calculations which include an additional 
sink for stratospheric COCi: arising from reaction with sulfate 
aerosols The results of these sensitivity calculations are dis- 
cussed in section 9. 

With the exception of the simulation of stratospheric COCI 2 . 
model calculations art carried out with S x set equal to zero at all 
altitudes. As discussed in section 2 and outlined in the bottom 
section of Table 1, the source term for stratospheric COCI: is as- 
sumed to be given by 
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S 2 (COC! 2 )= J,(CCU)C x (CCU) + 

koH(CH3CCI 3 ) Ct (CH3CCI3H 

J 2 (C 2 CU) C x (C 2 CU) 4 6.47 koHCCjCU) C, (CjCUH 

0.4 koH(C2HCl 3 ) C 2 (C2HCI3) + 

koH(CHCI 3 ) C* (CHCI3) (13) 

With the mode) parameters defined as described above, the 
stratospheric vertical profiles and loss rates for COCI2 and its 
parent compounds are determined by the 1-D mode) as a func- 
tion of the solar zenith angle 0, with 0 varying from 0° to 80°. 
An effective lifetime tJ^CJ) *s * function of solar zenith angle 
is then given by 

30 km 

JC x (J)dz 

< 14 > 

jL,(J)C,(J)£l2 

12 km 

Note that a lower limit of 12 km is chosen for the integrals in 
equation (14) because this corresponds to the lower boundary of 
the stratospheric boxes of the 2-D model. Also note that be- 
cause C, appears in both the numerator and denominator of 
equation (14) and C 2 is linearly dependent on the assumed lower 
boundary condition G, T q is independent of this arbitrary 

mode) parameter. The seasonally dependent lifetimes for mid- 
latitudes (i.e., 50°) and tropical latitudes (i.e., 15°) are then used 
to represent the effective lifetimes for the appropriate strato- 
spheric boxes in the 2-D model as a function of the day of the 
year. 

The stratospheric lifetimes with a solar zenith angle of 60° 
(assumed to be a global average condition) are listed in Table 4. 
Note again that in keeping with our earlier discussions, we have 
calculated two sets of lifetimes for COCI2: one for "tropospheric” 
COC) 2 (i.e., COCb produced in the troposphere and transported 
into the stratosphere) and one for "stratospheric” COCI2 (i.e., 
COCI2 produced in the stratosphere). Because tropospheric 
COCI2 enters the stratosphere at the tropopaus e and must first 
be transported to higher altitudes before it can be phoiolyzed, it 
has a longer stratospheric lifetime than that of stratospheric 
COCI2, which is produced in the upper and middle stratosphere. 
In either case, it is also interesting to note that COCb’s strato- 
spheric lifetime is of the order of years. This long lifetime is 
caused by the fact that COCI2 is a weak absorber in the near and 
middle ultraviolet and does not react with OH. Because of this 
long lifetime, a significant fraction of the COCh that is either 
produced in or transported to the stratosphere will tend to be 
cycled back to the troposphere before being pbotochemically 
destroyed. 

6. Source Strengths of Tropospheric Phosgene 

As summarized in the top part of Table 1, tropospheric 
COCI2 is assumed to be produced from the OH-initiated oxida- 
tion of the four RPP compounds The strength and distribution 
of each of these sources is determined by first simulating the 
cycle of each of the four RPP compounds in the 2-D model with 
the appropriate OH rate constant taken from DeMore et al. 
[1992] and the appropriate anthropogenic emission rate taken 
from the literature. With the exception of CHCI3, the emission 


Table 4. Estimate of Stratospheric Lifetime Calculated With 
One -Dimensional Model 


Species 

Stratospheric Lifetimes, years 

CH3CCI3 

7.48 

CjCU 

1.79 

CHClj 

3.18 

ecu 

7.14 

COG 2. troposphere. 

8.19 

COCI2, stratosphere. 

1.85 

COCI2, total. 

1.86 


A global avenge solar zenith angle of 60° is assumed for these 
calculations 


rate is assumed to be constant in time and to vary latiaidinaliy in 
the manner described for CH 3 CCI 3 by Midgley [1989] In the 
case of CHCI3, in addition to the anthropogenic source distribu- 
tion, an oceanic source has also been considered which varies 
latitudinally according to Khalil et al. [1983]. In the case of 
CH3CCI3, we include loss via wet deposition as described in 
section 4 as well as loss via OH oxidation. The results of these 
simulations are briefly outlined below and summarized in 
Table 5. 

6.1. Methykhioroform 

The annual mean CH3CG3 concentration calculated for the 
1987 emission rate of 617 kt/yT [Midgley* 1989] is plotted as a 
function of latitude and altitude in Figure 5. Also shown in Fig- 
ure 5 are the average concentrations measured in 1989 from the 
ALE/GAGE surface network [Prinn 11 al ., 1992] We find good 
agreement between the calculated and observed concentrations; 
however this is not surprising since the model was originally 
tuned to reproduce the CHjCCh ALE/GAGE data 

Our calculations yield a globally averaged concentration of 
154 pptv and an average atmospheric residence time of 
5.6 yean. About 83.5% of the CHjCClj released at the surface 
is estimated to be destroyed in the troposphere by OH, 4.1% is 
lost via wet removal, and the remaining 12 4 % is lost in the 
stratosphere. These results are in reasonable agreement with the 
assessment of Butler etal. [1991]. Assuming that one molecule 
of COG 2 is produced for each molecule of CHjCClj oxidized by 
OH, we infer an annual tropospheric production rate of COG 2 of 
28 pptv per year (see Table 5). 

Tetrmchioroethyleoe 

The annual mean C?CLi concentrations calculated as a func- 
tion of altitude and latitude for an emission rate of 580 ki/yr 
( Class and Ballschmiier , 1987] are plotted in Figure 6. Our re- 
sults are compared with the surface C 7 CU concentrations ob- 
served by Class and Ballschmiier [1987] at various sampling 
sites over the Atlantic and Indian Oceans in the years 
1982-1986, and with measurements taken by Koppmann ei al. 
[1993] on a cruise through the Atlantic Ocean made in August- 
September 1989. As can be seen in Figure 6, our results are in 
good agreement with the measured concentrations. Our calcula- 
tions, similar to those of Derweni and Eggleion [1978], yield an 
average atmospheric residence time of 0.38 years, with about 


55 


1244 


KINDLER ET AL.: ATMOSPHERIC PHOSGENE AND PARENT COMPOUNDS 


Table 5. Summary of Simulations of the RPP Compounds and Their COCl 2 Production Rates 


RPP 

Compound 

Release Rile, 

kt/yr 

Avenge Concen- 
tntion. pptv 

Avenge Resi- 
dence Time, yr 

Phosgene Pro- 
duction Rate, 
pptv/yr 

Percentage of Total 
Production COCl:, 
% 

CHCI 3 

810 

22.8 

0.53 

47.0 

50.8 

CH 3 CCI 3 

614 

152.9 

5.59 

27.7 

29.9 

C 3 CU 

580 

8.8 

0.38 

114 

12.3 

CjHCl? 

300 

0.4 

0.028 

64 

7.0 


98 4% of the annua] CjCU emissions destroyed by OH in the. 
troposphere and only 1.6% destroyed in the stratosphere. If 
0.47 molecules of COC1 2 are produced for each molecule of 
CjCL oxidized by OH. our calculations imply a global COCl 2 
source from CjCU of about 1 1 pptv/yr. 

63. Chloroform 

Our model-calculated CHCI 3 concentrations were obtained 
assuming a total emission rate of 810 kt/yr with 40% distributed 
as an anthropogenic source and 60% distributed as an oceanic 
source as discussed above As is illustrated in Figure 7, an 
emission rate of this magnitude and distribution yields reason- 
able agreement with all the measurements, except those of Singh 
ei al [1983] (We found that model-calculated concentrations 
fell below observations when the total emission source of 
610 kt/yr estimated by Khalil ei al. [1983] was used ) 

We estimate an atmospheric residence time for CHCI 3 of 
about 0.53 years with approximately 98.3% of the total budget 
lost in the troposphere and 1.7% in the stratosphere If one 
molecule of COC1: is produced for each molecule of CHCI 3 
oxidized by OH. then our calculations imply a tropospheric 
source of COCl: from CHCI 3 of about 47 pprv/yr. 

6.4. Trichloroethylene 

In Figure 8, we compare model-calculated concentrations for 
C 2 HCI 3 assuming an emission rate of 300 kt/yr [Cidel ei al. % 



Figure 5. Model-calculated (open symbols) and observed (solid 
symbols) CH3CCI3 concentrations. The open squares represent 
the lower troposphere, the open diamonds represent the upper 
troposphere, and the open circles represent the stratosphere. 
The calculated concentrations were obtained assuming a steady 
emission rate of 617 kt/yr distributed latitudinally. The solid 
squares represent annually averaged observations as a function 
of latitude obtained from the ALE/GAGE remote surface net- 
work [Pnnn ei al ., 1992]. 


1983; A. McCulloch, private communication, 1992] with those 
measured by Koppmann et al. [1993]. Significant discrepancies 
between the model-calculated and observed concentrations are 
apparent. Because of CjHCb’s short atmospheric residence time 
of only 7 days a direct comparison of the model-calculated con- 
centrations with observations is problematic. However, because 
of its relatively small yield of COCl: production, CjHC^b is of 
only minor importance to the overall COCl 2 cycle, and thus un- 
certainties in its emissions and distribution have a negligible 
impact on our conclusions. We infer a tropospheric source of 
COCb from C 5 HCI 3 of about 6 4 pprv/yr. Because of C 2 HCI 3 ’s 
short lifetime, essentially all of the species is destroyed in the 
troposphere by OH, and direci injection to the stratosphere is 
thereby prevented. 

63. Summary of Tropospheric Sources 

Table 5 summarizes the source strengths of COCl: to the tro- 
posphere from the four RPP compounds We estimate a total 
tropospheric rate of COCI 2 production of about 92 pprv/yT. with 
about half coming from CHCI 3 , 30% coming from CH 3 CCI 3 . 
12% from CjCU, and the reminder from C 2 HCI 3 Although not 
illustrated in a figure, we find that the majority of the COCI 2 is 
produced in the lower troposphere and in the northern hemi- 
sphere; this is to be expected given the distribution of the RPP 
compounds and their emissions. Comparison of these results 
with those obtained by Helas and Wilson [1992] using a zero- 
dimensional box model indicate qualitative agreement with 
some small discrepancies Our total COCI 2 source strength is 
about 10% higher than that of Helas and Wilson [1992]. with 
about 25% and 10% higher source strengths arising from CHCK 
and CH 3 CCJ 3 , respectively, and 15% and 35% lower source 
strengths from CjCU and C:HC1*, respectively. For the most 
pan, these differences can be attributed to the different emission 
riles assumed for the parent compounds 

7. Fate of Tropospheric Phosgene 

Figures 9 and 10 compare model-calculated distributions of 
tropospheric COCI 2 with measurements made by Wilson et al 
[1988] and Singh [1976]. The agreement between measure- 
ments and simulations is reasonably good, with both the meas- 
urements and model calculations indicating an avenge northern 
hemispheric mixing ratio of about 15-20 pprv, with at most 
modest latitudinal and seasonal variations. 

Table 6 summarizes the budget of tropospheric COCl: in- 
ferred by the 2-D model Of the total 92 pprv of tropospheric 
COCl: produced annually by the oxidauon of the RPP com- 
pounds, we find that 99.6% is directly removed from the atmos- 
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Figure 6. Model-calculated (open symbols) and observed (solid 
symbols) CjCL concentrations. The open squares represent the 
lower troposphere, the open diamonds represent the upper tro- 
posphere, and the open circles represent the stratosphere. The 
calculated concentrations were obtained assuming a steady 
emission rate of 580 kt/yr distributed latitudinally. The solid 
squares represent annually averaged observed surface concen- 
trations as a function of latitude taken by Class and Ballsch - 
miier [1987] and the solid diamond represents averaged surface 
measurements taken by Koppmann et al. (1993). 


phere via wet deposition and only 0.4% is transported to the 
stratosphere and photochemical ly destroyed there. The very 
small fraction of COCI 2 lost to the stratosphere is caused by two 
effects: (1 ) the removal of COCh by clouds and (2) the slow rate 
of loss of COC1: in the stratosphere which allows the vast ma- 
jority of the COC1: that is transported into the lower strato- 
sphere to be returned to the troposphere before it is pbotolyzed 
Note that in agreement w'ith our earlier zeroth-order calcula- 
tions, we find that removal by clouds dominates over that of 
ocean deposition. 



Figure 7. Model-calculated (open symbols) and observed (solid 
symbols) CHCI3 concentrations. The open squares represent the 
lower troposphere, the open diamonds represent the upper tro- 
posphere and the open circles represent the stratosphere. The 
calculated concentrations were obtained assuming a steady 
emission rate of 810 kt/yr distributed latitudinally. The solid 
squares represent annually averaged surface observations as a 
function of latitude made by Khalil et al [1983] The solid dia- 
monds represent averaged surface measurements made by Singh 
ei al. [1983] over the Eastern Pacific in December 1981 and the 
solid circle represents surface measurements made by Ras- 
mussen ei al [1 982] at 30° S in November 1981. 



Utftutta 


Figure 8. Mode) -calculated (open symbols) and observed (solid 
symbols) CjHCb concentrations. The open squares represent the 
lower troposphere, the open diamonds represent the upper tro- 
posphere, and the open circles represent the stratosphere The 
calculated concentrations were obtained assuming a steady 
emission rate of 300 kt/yr distributed latitudinally The solid 
squares represent averaged hemispheric surface observations 
made by Koppmann etal. [1993] on a cruise through' the Atlan- 
tic Ocean in August- September 1989. 

& Fate of Stratospheric Phosgene 

Inspection of Figure 9 reveals that our model simulations of 
the tropospheric COG: cycle predict a stratospheric COG 2 con- 
centration of about 10-15 pprv. This concentration is consid- 
erably smaller than the levels of 20-30 pptv observed in the 
lower stratosphere by Wilson e 1 al. [1988] The reason for this 
discrepancy is the fact that the calculations from the previous 
section omitted the production of COCI 2 in the stratosphere. In 
this section we address this later aspect of the COG 2 cycle with 
out 1-D stratospheric model 

As was discussed in section 2 and summarized in the bottom 
pan of Table 1, we consider four sources of stratospheric COG2 
These arise from the photolysis of CCU, the OH oxidation and 
photolysis of CjCL and the oxidation of CH3CCI3 and CHCI3 
(While OH-initiated oxidation of C2HCI3 produces COCI2, its 
contribution to stratospheric COCI2 is negligible because of the 



Figure 9. The latitudinal and vertical distribution calculated for 
tropospheric COCI 2 (i.e. % COCI 2 produced from the tropospheric 
oxidation of the four RPP compounds) The open squares repre- 
sent the lower troposphere, the open diamonds represent the up- 
per troposphere, and the open circles represent the stratosphere. 
The solid square represents annually sveraged airborne meas- 
urements made by Wilson ei al. [1988] between Germany and 
Spitzbergen (50°-78°N) at altitudes of 5-12 km The solid dia- 
mond represents surface measurements made by Singh et al. 
[1977] at a remote site in California (38° N) in 1976 
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Figure 10. Model -calculated and observed tropospheric COCb 
concentrations as a function of time of year in the northern 
hemisphere poleward of 30°N. The model-calculated concen- 
trations are for the lower troposphere (boxes n * 1) (represented 
by pluses) and the upper troposphere (box n * 5) (represented by 
crosses) of the two-dimensional model using the COCb sources 
from the oxidation of the RPP compounds. The observed con- 
centrations are based on the mid tropospheric airborne meas- 
urements of Wilson et al [1988] and are represented by solid 
squares. 

compound s very short tropospheric lifetime). The role of each 
of the five stratospheric sources relative to that which arises 
from the upward transport of tropospheric COCb is indicated in 
Figure 1 la. where profiles calculated with the 1-D stratospheric 
model for equinoctial conditions at midlatitudes are illustrated 
for each source and all sources together. While the tropospheric 
COC1; profile decreases monotonically from its concentration at 
the tropopause. the profiles which include stratospheric produc- 
tion increase in concentration in the lower stratosphere and gen- 
erally reach a maximum at altitudes between 21 and 27 km. 
The exact altitude of the maximum depends on the species. The 
COCb produced from C?CL, CHClj. and CH 3 CCI 3 peak at an 
altitude of about 22 km because of their reactivity toward OH, 
while COCb from the unreactive CCU peaks at about 27 km. 
Interestingly, a comparison of the profile which includes all 
sources with the profile from the midlatitude measurements of 


Table 6. Model-Calculated Budget for Tropospheric COC1; 


Process 

Rate, pprv/yr 

Percentage of 
total 

Total source (see Table 5) 

92.4 

100 

Loss via cloud removal in 
lower troposphere 

70.9 

76.7 

Loss via cloud removal in 
upper troposphere 

13.1 

14.2 

Loss via ocean deposition 

8.0 

8.7 

Total wet deposition 

92.0 

99.6 

Transport to and loss in 
stratosphere 

0.4 

04 

Total loss 

92 4 

100 


Here, tropospheric COCb is produced from the oxidauon of the 
four RPP compounds. 



Figure 11a. Calculated profiles for COCb in the stratosphere 
for a solar renith angle of 65°. The solid lines are the calculated 
profiles: A for tropospheric COCb (no stratospheric source). B 
for stratospheric COCb from CCU, C for stratospheric COCb 
from CjCU, D for stratospheric COCb from CHC)>, E for strato- 
spheric COCb from CHjCCls, and F is total COCb 
(tropospheric plus stratospheric sources). The squares indicate 
the measurements of Wilson et al. [1988] The concentration at 
the lower boundary (i.e., tropopause) for simulations A and F 
was chosen to be equal to the COCb concentration obtained for 
the northern, upper tropospheric box in our 2-D model simula- 
tion (see Figure 9). Note that the resulting averaged strato- 
spheric concentration obtained from our simulation of tro- 
pospheric COCb using this boundary condition (i.e., profile A) 
is consistent with that obtained for the stratosphere in our 2-D 
box model simulation. 

Wilson et al [1988] indicates reasonably good agreement in both 
the concentration magnitude and profile shape in the lower 
stratosphere (see Figure 11). 

The model-calculated budgets of stratospheric COCb pro- 
duced from CCU, CjCU, CHCb and CHjCCb for global average 
conditions are presented in Table 7. Because of COCb's rela- 
tively king lifetime against destruction in the stratosphere and 
its rapid removal rate in the troposphere, we find that a signifi- 
cant portion of the COCb that is produced in the stratosphere is 



Figure lib. Calculated profiles for COCb in the stratosphere 
for a solar renith ingle of 65°. The solid lines arc calculated 
profiles A is for out standard model, B for K, multiplied by a 
factor of 2, C for C*(OH) multiplied by a factor of 5, D for in- 
cluding potential reaction of COCb on sulfate aerosols with y*l, 
E for including potential reaction of COCb on sulfate aerosols 
with y * 10 and F for including potential reaction of COCb on 
sulfate aerosols with y* 5x10 5 . 
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Table 7. Model-Calculated Budget for Stratospheric COC1; 




CCU 

CHjCCb 

CjCL 

CHClj 

Tout 

P.S 

Rate, (cm 2 s) 

1.48x10* 

1.25x10 s 

3.16x10 s 

2.55x10 s 

2.18x10* 


Percent 

100.0 

100.0 

100.0 

100.0 

100.0 

L.S 

Rate, (on 2 s) 

1.07x10* 

2.40x1 0 4 

1.01x10 s 

4.00x10* 

1.24x10* 


Percent 

72.4 

189 

32.0 

15.7 

569 

LW 

Rate, (cm 2 s) 

4.09x10 s 

1.01x10 s 

2.15x10 s 

2.15x10 s 

9.40x10 s 


Percent 

27.6 

81.) 

68.0 

84.3 

43.1 

T.L. 

Rate, (cm 2 s) 

1. 48x10* 

1.25x10 s 

3.16x10 s 

2J5X10 5 

2.65x10* 


Percent 

100.0 

100.0 

100.0 

100.0 

1000 


Here, stratospheric COCI 2 is produced from the photolysis of CCU, the oxidaoon of CHjCQj and CHGy and 
oxidation and photolysis of CjCU calculated with the one -dimensional stratospheric model with a 60°solar zenith 
angle Abbreviations are P.S., production in stratosphere; L.S., loss in stratosphere, L.W., loss via transport to 
troposphere and wet removal; and T.L., total loss The flux of stratospheric COQ 2 to the troposphere (L.W.) was * 

obtained from the sum of (1) the downward COCl 2 flux at the tropopause calculated for the case when both the 
stratospheric and tropospheric COCI: sources were included, and (2) the upward COO 2 flux at the tropopause 
calculated for the case when only the tropospheric COCI 2 flux was included. 


transported to the troposphere before it is destroyed. As is indi- 
cated in Table 7, the fraction returned to the troposphere is es- 
timated to be roughly one third in the case of CCU, two thirds in 
the case of that produced from C?CU and four fifths in the case 
of stratospheric COC1: produced from CH 3 CCI 3 and CHCI 3 . The 
larger fractions returned to the troposphere for the COCI 2 pro- 
duced from CH 3 CCI 3 , CjCU, and CHG 3 are caused by the fact 
that this COCI 2 is generated at lower stratospheric altitudes, 
where it encounters less UV radiation and has a shorter distance 
to travel to reach the tropopause. As we discuss in the next sec- 
tion, the transport of stratospheric COC1: into the troposphere 
can have a significant impact on the stratospheric chlorine 
loading of these compounds and ultimately therefore on their 
ozone depletion potentials. 


9. Effect of Phosgene Transport on Stratospheric 
Chlorine Loadings of Phosgene Parent Compounds 

An important factor in determining the potential for a com- 
pound to deplete stratospheric ozone is its stratospheric chlorine 
loading, defined here as the percentage of the chlorine contained 
in the species that is emitted at the surface and ultimately re- 
leased in the stratospheric as reactive chlorine capable of par- 
ticipating in the catalytic destruction of o zone. Estimates of the 
stratospheric chlorine loadings of COCh’s parent compounds are 
presented in Table 8 for a variety of model assumptions. (Nou; 
that we indicate absolute chlorine loadings in Table 8 rather 
than the more standard, chlorine loading potentials, which are 
normalized to the chlorine loading of CFC-1 1. The reason for 
this will be discussed in section 10.) 

An indication of the effect of tropospheric-stratospheric 
transport of COG: on the stratospheric chlorine loadings of 
COCh’s parent compounds can be obtained by comparing the 
results listed in Table 8 for the standard model with those listed 
for "Model 0," where exchange of COCI: across the tropopause 
was neglected Because of tropospheric COCI:’s relative short 
lifetime and stratospheric COCl:’s long lifetime, we find that 


tropospheric-straiosphcnc COCI: transport tends to lower the 
stratospheric chlorine loadings of the phosgene parent com- 
pounds, and, in some cases the decrease can be significant. 
Most notable are CjCU and CHCI 3 ; because these species are 
destroyed efficiently in the lower stratosphere, major fractions 
(i.e., 70% for CjCU and 85% for CHCI 3 ) of the stratospheric 
COCI: produced from these compound are returned to the tro- 
posphere and as a result, consideration of tropospheric- 
stratospheric transport of COCI: produced by CjCU and CHCI 3 
causes decreases in their stratospheric chlorine loadings of about 
15% and 25%, respectively. (However, because the total strato- 
spheric chlorine loadings for these two species are so small, they 
are not effective agents of stratospheric ozone depletion, and 
thus the decreased chlorine loadings calculated for these two 
compounds will not affect overall predictions of ozone depletion 
from halocarbons ) The impact on the chlorine loading of CCU 
is somewhat less pronounced (approximately 14%) because the 
COCI: from this compound is produced at higher stratospheric 
altitudes. A relatively small correction (i.e., 3%) to the chlorine 
loading of CHjCClj is predicted because the vast majority of the 
chlorine atoms from CH 3 CCI 3 decomposition in the stratosphere 
are not convened into COCI: Recall that COCI: is only pro- 
duced from CH 3 CCI 3 via OH attack (see Table 1), while most of 
the stratospheric CH 3 CCI 3 in our model is destroyed via pho- 
tolysis. 

The sensitivity of our results to variations in model parame- 
ters was investigated in a series of additional calculations, in 
model 1 we varied the stratospheric K* by factors of 2, in model 

2 we varied C(OH) in the stratosphere by factors of 5, in model 

3 we included a reaction between COCI: and stratospheric sul- 
fate aerosol; and in model 4 we include convective like transport 
from the lower troposphere to the stratosphere in the 2-D model. 
The inclusion of a COCI 2 sink via reaction with sulfate aerosol 
in model 3 was accomplished by modifying equation (12) for 
COCI: to include an additional loss with an effective first-order 
rale constant k««*>i given by 

k^naci * v y A/4 (15) 
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Table 8. Stratospheric Chlorine Loadings for Phosgene Parent Compounds and for CFC-1 1 


Species 




Model’ 






0 

Standard 

1A 

IB 

2A 

2B 

3A 

3B 

4 

ecu 

100 

86.2 

87.2 

84.4 

86.2 

86.2 

99.5 

884 

86.2 

CH3CCI3 

124 

12.0 

12.3 

11.6 

10.3 

12.5 

12.5 

12.1 

12.0 

C7CU 

1.6 

1.4 

1.3 

1.4 

1.4 

14 

1.8 

1.4 

14 

CHCh 

1.7 

1.3 

1.5 

1.2 

1.0 

1.7 

1.8 

1.3 

1.2 

CFG 3 

100 

93.5 

93.2 

93.6 

93.5 

93.5 

100 

94.9 

93.5 


The stratospheric chlorine loading of a species is defined here as the percentage of the chlorine atoms released at 
the surface that are injected into the stratosphere as reactive chlorine capable of participating in the catalytic de- 
struction of ozone. Values are percentages. 

’Model 0 assumes no transport of tropospheric CO Qj to the stratosphere and no transport of stratospheric 
COC1: to the troposphere Parameters adopted far the standard model are described in the text Model 1 investi- 
gates the effect of varying K t ; in model 1A, K* is multiplied by 2, and in model IB, K* is divided by 2. Model 2 , 
investigates the effect of varying stratospheric C(OH); in model 2A C(OH) is multiplied by 5, and in model 2B, 
C(OH) is divided by 5 Model 3 investigates the effect of including a reaction between stratospheric COG 2 and 
sulfate aerosol, in model 3A, y* 1, and in model 3B. 5xl(T 5 . Model 4 investigates the effect of convective like 

transport from the lower troposphere to the stratosphere 


where v is the COCJ: thermal velocity, y is probability of a re- 
action occurring per collision (and allowed to vary from 5x1 O ' 5 
to 1), and A is the aerosol surface area (taken from World Mete- 
orological Organization, ( WMO ), [1991], as function of altitude). 
The inclusion of convective like transport in model 4 was ac- 
complished by altering the transport code in the 2-D model so 
that 50% of the transport from the troposphere to the strato- 
sphere occurred by direct injection of air from the lower tro- 
pospheric boxes, as opposed to the standard model, where all 
such transport came from the upper tropospheric boxes. The re- 
sults of our sensitivity calculations are summarized in Table 8 
and Figure 1 lb. 

Inspection of Table 8 reveals that the inclusion of a reaction 
with sulfate aerosol can cause a major shift in our results. For 
instance, note that when y * 1 , the stratospheric chlorine load- 
ings for phosgene parent compounds become equal to those ob- 
tained for our model 0 calculations. In this case all stratospheric 
COC1: is destroyed in the stratosphere by the aerosol reaction, 
and there is no transport of stratospheric COCI2 to the tro- 
posphere Hence our results in this case are identical to those in 
which we neglected the tropospheric-stratospheric exchange of 
COCl:. (Of course, when we let y < 5x1 CT 6 , the results ap- 
proach those obtained for our standard model, since the reaction 
of COCl: with the sulfate aerosol becomes too slow to have an 
impact.) However, it should be noted in this regard that in ad- 
dition to changing the stratospheric chlorine loadings of the 
phosgene parent compounds, inclusion of a reaction of COCI2 
with sulfate aerosol can also have a major effect on the distribu- 
tion of COCl: in the lower stratosphere. Note in Figure lib that 
when y> 5xl0" 5 , the rapid scavenging of COCl: by sulfate aero- 
sol causes its concentration to decrease instead of increase as a 
function of altitude in the lower stratosphere. This result is in 
direct contradiction with the observed profile of Wilson et ol 
[1988]. It would appear that the reaction of COCl: with sulfate 
aerosol hypothesized in model 3 most likely has a y < 5x10 5 and 


thus has a negligible impact on the stratospheric chlorine load- 
ings of the phosgene parent compounds (see Table 8). 

Inspection of Table 8 reveals that variations in C(OH) cause 
modest changes in our results, increasing the stratospheric OH 
concentrations by a factor of 5 leads to a 17 and 40% decrease in 
the stratospheric chlorine loadings of CH3CCI3 and CHCb, re- 
spectively. This occurs because an increase in stratospheric OH 
increases the yield of COCl: from these two compounds in the 
stratosphere (see Table 1) and thus effectively increases the per- 
centage of chlorine from these two compounds that can be re- 
turned to the troposphere as COCl: Finally note that variations 
in eddy diffusion coefficients by a factor of 2 have a ver> small 
impact on our results, and inclusion of convective like transport 
in the troposphere has essentially no effect on our results The 
lack of an impact from convective like transport can be attrib- 
uted to the absence of strong vertical gradients in the distribu- 
tions of COCl: and its parent compounds (see Figures 5-10). 

Another model assumption that bears some discussion is that 
concerning the role of CJ atoms as oxidizers of the RPP com- 
pounds in the troposphere, recall that we assumed that photo- 
chemical destruction of these compounds in the troposphere only 
occurred as a result of reaction with OH and we neglected any 
contribution that might occur as a result of a reaction with Cl 
However, as was noted earlier, CjCLi reacts extremely rapidly 
with Cl atoms. Moreover, the Cl-initiaied oxidation of C7CI4 
has been found to produce trichloroacetyl chloride (TCAC) and 
COCl:, in a molar ratio of roughly 3:1 [Sanhueza et al .. 1976] 
If the Cl-initiaied oxidation were a significant sink for CjCL and 
a significant fraction of the chlorine in TCAC produced from 
this reaction were transported to the stratosphere, the strato- 
spheric chlorine loading for this compound could conceivably be 
significantly larger than the approximate 1-2% value obtained 
here in our standard model It is interesting therefore to briefly 
consider the fate of tropospheric TCAC. One pathway for 
TCAC loss is photolysis, a major product being COCl: and a 
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minor product being CCU [Behnke and Zetzsch, 1991]. While 
the production of CCU from TCAC could potentiaJly increase 
the stratospheric chlorine loading of C?CU the yield of CCU ap- 
pears 10 be quite small (less than 0.3% according to Behnke and 
Zetzsch) and thus should have a negligible impact. In addition 
to photolysis, TCAC can be removed from the atmosphere via 
wet removal Calculations with the algorithm described in sec- 
tion 4 using H= 0.3 M/atm and k * 2.7 s'^ [D. Worsnop, private 
communication, 1993) indicate that the lifetime against these 
removal processes is of order of 20 days and thus that strato- 
spheric chlorine loading from TCAC is insignificant. Thus it 
appears likely on the basis of present kinetic and thermodynamic 
data that if a Cl-initiated oxidation pathway represented a major 
sink for C?CU its stratospheric chlorine loading would be even 
smaller then the value estimated here. 

10. Revised Estimates for ODPs of Phosgene Par- 
ent Compounds 

The ozone depletion potential, or ODP, of a compound is de- 
fined as the steady state ozone reduction calculated for each unit 
mass of gas emitted per year into the atmosphere relative to that 
for a unit mass emission of CFCh [ MWO , 1989). Because we 
find that the inclusion of stratospheric/tropospheric exchange of 
COC1: causes a decrease in the stratospheric chlorine loadings 
of the phosgene parent compounds, one might assume that it 
would also cause an approximately equivalent decrease in the 
ODPs of these compounds, as indicated by the first two columns 
of Table 9 (calculated according to the semiempirical equation 
for ODPs given b> Solomon el al [1994] 

However, a thorough evaluation of the ODPs of the phosgene 
parent compounds requires consideration of an additional com- 
plication The ODPs are expressed relative to the ozone deple- 
tion of CFCh, and the destruction of CFCh in the stratosphere 
via photolysis produces COFC1 [ Jayanry et a!., 1975] COFC1 is 
a compound with properties similar to that of COCh; it is a 
weak absorber in the near UV [A loelle ei al 1993] and most 
likely is hydrolyzed in water at a rate close to that of COCh and 
thus like COCh is subject to transport to the troposphere and 
removal by wet deposition. Such an effect would decrease the 
stratospheric chlorine loading of CFCJ 3 and, as a result, would 
effectively increase the ODP of other compounds, although the 
actual chlorine loadings of these other compounds would not be 
changed by the transport of COFC1. 

Using the same model approach we used for COCh and its 
parent compounds, along with spectroscopic data for CFCh and 
COFC1 from DeMore ei al [1992] and Noelle et al. [1993], we 
estimate that approximately 21% of all COFC1 produced in the 
stratosphere from the photolysis of CFCh is transported down to 
the troposphere Since only one third of the Cl atoms in CFCh 
are converted to COFC1 from photolysis, this implies that 
roughly 7% of the Cl from CFCh is returned to the troposphere 
in the form of COFCJ and removed in precipitation. Thus we 
estimate an actual stratospheric chlorine loading for CFCh of 
93% instead of 100% (see Table 8). This somewhat smaller 
chlorine loading for CFCh causes a slight upward revision in the 
ODPs of the phosgene parent compounds as indicated by the 
third column of Table 9. Note that in the cases of CCU, CHCh, 
and C?CU. the decreases in their stratospheric chlorine loadings 
due to the cross-tropopause transport of COCh tre estimated to 
be larger than the decrease in the stratospheric chlorine loading 
of CFCh due to transport of COFC1, and thus we predict a net 


Table 9. Ozone Depletion Potentials for Phosgene Parent 
Compounds 


Compound 


Ozone Depletion Potential 

ODP(O) 

ODP(l) 

oopcir 

Literature 

Values 

COCI: 

0.0030 

0.0030 

0.0030 

• 

n.a 

ch,cg 3 

0.086 

0.083 

0.089 

0.11-0.13 

Cj CL 

7.0x10° 

5.7x10° 

6.0x10 3 

n.a 

CHG 3 

0.0102 

0.0078 

0.0083 

n.a 

CjHGj 

4.9x1 0* 4 

7.0x1 O' 4 

7.0x1 O' 4 

n.a. 

CCU 

1.10 

0.95 

1 .01 , 

,1.03-1.15 


ODP(O) is that obtained using the formulation of Solomon ei al. 
[1994] and neglecting the effect of COG: transport (i.e., model 0); 
ODP(l) obtained by including the effect of COG: troposphenc- 
stratosphenc exchange (i.e., standard model); ODP(l)’ is similar to 
ODP(l) but also includes the effect of the downward transport of 
atmospheric COFC1 to the troposphere Literature values are uken 
from WW O [1991). Note that ODP(O) for CHjCG 3 is smaller than the 
values found in the literature because a shorter hfeume of 5.59 years 
was adopted here to be consistent with the most recent ALEXjAGE 
data [Prinn el al, 1992]. 

* Not available 


decrease in the ODPs of these species The opposite is found for 
CHjCCU and thus in this case we actually predict a slight in- 
crease in its ODP. 

11. Conclusions 

An analysis of the cycle of atmospheric COCI: reveals two 
distinct subcycles. The tropospheric subcycle is driven by pro- 
duction from the OH-initiated oxidation of four reactive halocar- 
bons, namely, CHjCCh, C?CU CHCU and CjHCh Our calcu- 
lations indicate that COG: produced from these compounds is 
removed from the atmosphere by hydrolysis in doudwater with 
an average atmospheric lifetime of about 70 days. Simulations 
of this subcycle with a 2-D model yield reasonably good agree- 
ment with observations of tropospheric COCI: and its parent 
compounds. Our calculations suggest that it is unlikely that a 
significant fraction of the COCI: produced in the troposphere is 
transported and decomposed in the stratosphere and thus that 
tropospheric COCI: has an insignificant role in the depletion of 
stratospheric ozone 

The stratospheric COCI: subcycle is driven by production 
from the photochemical degradation of CCU a compound which 
is essentially inert in the troposphere, as well as of CH 3 CCI 3 . 
CHCU and CjCL However, because of COCl:’s weak absorp- 
tion cross sections in the near and middle ultraviolet, we esti- 
mate that a significant fraction of the COCI: produced in the 
stratosphere (perhaps 40%) is probably returned to the tro- 
posphere and removed from the atmosphere by clouds Thus 
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unless some other sink for stratospheric COCh exists, our calcu- 
lations suggest the downward transport of stratospheric COCb 
causes a decrease in the stratospheric chlorine loadings of the 
phosgene parent compounds Factoring in a similar effect for 
COFC1 from the photolysis of CFC1>, we infer a downward re- 
vision in the ODPs of CCU, C?CU, and CHCI 3 but a slight in- 
crease in the ODP of CH 3 CCI 3 . 

Finally, our calculations suggest the need for a small correc- 
tion to the global budget of stratospheric chlorine For instance, 
Prather and Watson [1990] estimated that 13% of the total 
chlorine loading of the stratosphere is caused by CCU, 13% is 
caused by CfyCCl*, and 22% is caused by CFC-1 1 . However, if 
about 13.8% of the chlorine atoms from CCU, 3.2% of those 
from CH 3 CCI 3 and 6.5% of that from CFC-1 1 are transported 
back to the troposphere as COCl 2 or COFC1, the global input of 
chlorine to the stratosphere is about 4% smaller than that origi- 
nally estimated by Prather and Watson [1990]. 

There are of course large uncertainties in the results pre- 
sented here because of the many simplifications inherent in our 
model s formulation as well as the potential errors in the ther- 
modynamic and kinetic data adopted in the model. However, 
the results perhaps point to a more fundamental uncertainty in 
our understanding of halocarbons and their impact on strato- 
spheric ozone. The atmospheric degradation of halocarbons can 
lead to the production of a wide variety of intermediates. In 
some cases these intermediates may be long-lived enough to ei- 
ther enhance the amount of chlorine from reactive halocarbons 
that reaches the stratosphere or decrease the amount of chlorine 
from unreactive halocarbons that is liberated in the stratosphere 
For this reason we believe that priority should continue to be 
given to research that unravels the detailed degradation path- 
ways of halocarbons and the ultimate fate of the intermediate 
products of these pathways. 
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Time-resolved resonance fluorescence detection of Brf^Pj^) atom disappearance or appearance following 266- 
nm laser flash photolysis of CF^/CHjSCHa/Hi/Njand CljCXJ/CHySCHi/HBr/Hi/Njmixtures has been 
employed to study the kinetics of the reactions Brf 2 !^) + CH 3 SCH 3 *-* HBr 4* CH 3 SCH 2 (1,-1) R* a function 
of temperature over the range 386-604 K. Arrhenius expressions in units of cm 3 molecule -1 s -1 which describe 
the results are k } » (9.0 ± 2.9) X 1CH 1 Jexp[(-2386 ± \S\)/T\\ and JL, • ( 8.6 ± 2.5) X lCri 1J {cxp[(836 ± 

] 40)/ 71); errors are 2e and represent precision only. To our knowledge, these are the first kinetic data reported 
for each of the two reactions studied. Second and third law analyses of the equilibrium data for reactions 1 
and -1 have been employed to obtain the following enthalpies of reaction in units, of kcal mol -1 : Atf»i * 61 1 
± 1.37 and AH 0 * 5.37 ± 1.38. Combining the above enthalpies of reaction with the well-known beats of 
formation of Br, HBr, and CH 3 SCH 3 gives the following heats of formation of the CH 3 SCH 2 radical in units 
of kcal mol” 1 : A Hi&% * 32.7 ± 1.4 and A « 35.3 ± 1.4; errors are 2c and represent estimates of absolute 
accuracy . The C-H bond dissociation energy in CH 3 SCH 3 obtained from our data, 93.7 ±1.4 kcal moM at 
298 K and 92.0 ± 1 .4 kcal mol -1 at 0 K, agrees well with a recent molecular beam pbotofragmentation study 
but is 3 kcal moH lower than the value obtained from an iodination kinetics study. 


Introduction 

Accurate thermochemical information for free-radical inter- 
mediates is essentiaJ to analysis of reaction mechanisms in complex 
chemical systems. One experimental approach which can be 
employed to obtain thermochemical parameters for a radical 
involves measurement of temperature-dependent rate coefficients 
for the pair of reactions RH + R'** RH 4 R; the ideal reaction 
pair for such a study is one where the heats of formation and 
absolute entropies of R\ RH, and RH are well -characterized 
and where kinetic data for the two reactions can be obtained over 
the same temperature range. 

In this paper we report the results of temperature-dependent 
kinetics studies of the following paiT of reactions: 

Br( J P J/J ) + CHjSCHj - CH^CH , 4 HBr (1 ) 

CHjSCHj 4 HBr — Br( J P }/J ) 4 CHjSCH, (-1) 

The kinetic results have been employed to derive a value for the 
heat of formation of the CH>SCH 2 radical, an intermediate in 
the oxidation of the important atmospheric reduced sulfur 
compound dimethyl sulfide (CHjSCHj ). 1 

Experimental Technique 

The experimental approach involved coupling reactant radical 
(ix., Bt or CH 3 SCH 2 ) production by 266-nm laser flash photolysis 
of suitable precursors with time-resolved detection of ground - 
state bromine atom disappearance or appearance by atomic 
resonance fluorescence spectroscopy. A schematic diagram of 
the apparatus, as configured for bromine atom detection, can be 
found elsewhere , 2 as can a detailed description of the experimental 
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methodology . 5 Only those aspects of the experimental approach 
which are unique to this study are discussed below. 

Because the temperature range of this study (386-604 K) was 
higher than in our previous studies of bromine atom kinetics , 1-4 
a different reaction cell was employed The cell was constructed 
ofquartz and had an internal volume of about 200 cm 3 . A diagram 
showing the geometry of the reaction cell as well as a discussion 
of beating and temperature measurement techniques is published 
elsewhere . 5 

To avoid accumulation of photolysis or reaction products, all 
experiments were carried out under “slow flow" conditions. The 
concentration of each component in the reaction mixtures was 
determined from measurements of the appropriate mass flow 
rates and the total pressure. The excess reactant (ix^ CHjSCHj 
or HBr) concentrations were also determined in situ in the slow 
flow system by UV photometry using a 2-m absorption cell. The 
monitoring wavelengths employed were 228.8 nm for CH>SCHj 
(Cd line) and 202.6 nm for HBr (Zn* line); absorption cross 
sections used to convert measured absorbances to concentrations 
were 1.16 X JO -* 1 cm 2 for CHjSCH** and 1.02 x 10-" cm 2 for 
HBr . 4 Since it was normally the case that more than ooe species 
in the reaction mixture absorbed at the monitoring wavelength, 
the excess reagent concentration was usually measured upstream 
from the pbotolyte addition point; dilution factors required to 
correct the measured concentration to the actual reactor 
concentration never exceeded 1 . 1 . 

The gases used in this study had the following stated minimum 
purities: N 3 , 99.999%; H 2 , 99.999%; HBr, 99.997% (liquid phase 
in cylinder); Q 7 CO, 99.0% (liquid phase in cylinder). Liquid 
samples were purchased from Aldrich and had the following stated 
purities: CHjSCHj 994%; CFaBr* 99%. Nitrogen and hydrogen 
were used as supplied while HBr, CI 7 CO, CH>SCHj, and CFjBr 2 
were degassed at 77 K before being used to prepare gaseous 
mixtures with N 2 . 

Results 

In our study of reaction 1 , bromine atoms were generated by 
266-nm laser flash photolysis of CF 2 Br 2 ([CFjB^] ranged from 

if !°9- American Chenier/ Society 
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2.3 X 10 13 to 2.7 X 10* 4 molecules enr 3 ): 

CF 2 Br 2 + h> (266 nm) — Br 4 CFjBr (2) 

The CF 2 Br 2 absorption cross section at 266 nm is approximately 
8 x 1 O' 20 cm 2 7 “* while the quantum yield for Br production from 
CF 2 Br 2 photolysis increases from unity at X « 248 nm to 
approximately 2 at X « 193 nm. 10 Presumably, at X 248 nm, 
CF 2 Br 2 photodissociates as indicated in reaction 2 with unit yield. 
To ensure rapid relaxation of any photolytically generated 
Br(*Pi/2), about 1 Ton of H 2 was added to the reaction mixture. 
The reaction 

BrC’P./j) 4 Hj(n-O) - Br^) 4 H 2 (p«1) (3) 

is known to be fast with k } ** 6 X 10” 12 qjqJ molecule” 1 r 1 . 11 

In our study of reaction -1 , CH>SCH 2 radicals were generated 
as follows: 

Cl 2 CO 4- hv (266 nm) 2C1 + CO (4) 

Cl + CH3SCH3 — CHjSCHa + HC1 (5a) 

— CHjS(C1)CH 3 (5b) 

Reaction 5 is known to occur at a gas kinetic rate, 11,3 and channel 
5a is dominant under the relatively high- temperature, low-pressure 
conditions employed in this study. 13 Typical concentrations of 
Cl 2 CO and CHjSCHj were 1 X 10 15 and 5 X 10‘ 4 molecules 
cm -3 , respectively. The concentration of CHjSCH 3 was kept 
sufficiently high that >80% of the photo! vtically generated Cl 
rea cted with CH >SCH 3 rather than with HBr (*«« 205 x 1 0” 1 1 
exp(-4O0/D cm 3 molecule” 1 r 1 ). 14 

Cl 4 HBr — Br( J Pj^j) 4 HC1 (6) 

On the other band, the concentration of CH>SCHj was kept 
sufficiently low that the back -reaction, i.e., reaction 1, had only 
a minor influence on observed BrC^Pj/j) kinetics. The CI7CO 
absorption cross section at 266 nm is approximately 2.3 X IO” 20 
cm 2 , 15 * 1 * while the quantum yield for CI7CO pbotodissociation at 
253.7 nm has been shown to be unity. 17 Reaction 4 actually 
occurs in a two-step process involving a Cl CO intermediate. 
However, even in the unlikely event that C1CO is produced without 
internal excitation, the C1C0 lifetime toward decomposition to 
Cl 4 CO is short compared to the experimental time scale of 
0.1-1 ms. 11 

All experiments were carried out under pseudo-first-order 
conditions with the stable reactant in large excess (factors of 
10M0 5 ) over the free-radical reactant. Concentrations of 
photolytically generated radicals were typically around 3 x 10 11 
cm -3 , although this experimental parameter was varied over a 
wide range (factor of 30). For both reactions studied, observed 
kinetics were found to be independent of the pbotolytic precursor 
concentration (s) and the concentration of photolytically generated 
radicals. Observed kinetics were also found to be independent 
of the linear flow rate of the reaction mixture through the reactOT 
and the photolysis laser repetition rate. 

In the absence of side reactions which regenerate or deplete 
the Brf^j^) atom concentration, the observed Br^j/i) temporal 
profile following the laser flash in studies of reaction 1 would be 
described by the relationship 

ln(S 0 /S,) - 

lD(fBr) 0 /[Br],| - (*,[CH,SCHJ + *7)* ■ ** (1) 

In tbe a bove relationship 5 0 and S, are the signal levels immediately 
after the laser fires and at some later time f, [Br) 0 and (Br],art 
the bromine atom concentrations corresponding to So and S„ and 
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Time (ms) 

Figve 1 . Typical Br(*Pj/i) atocn temporal profile* oUerrtd in tbe study 
of reacuoE 1. Ejywimenul ooDdmons: P « 50 Torr.T w 486 K, [H 2 ] 
■ 1J X 10 u molecule* car 3 , [CFjBri] • 1.0 X 10 n molecules an' 3 , 
fBK^Pj^le ■ 1.8 X 10 n atoms cxxr\ (CHjSCHj] is units of 10 15 
molecule* car 3 « (A) 0, (B) 0.577, (C) 1.15, tad (D) 1.91. The solid 
toe* represent linear least -squares analyses of the data and fjrc tbe 
following pseudo-first-order BrC^Pj/j) decay rate* in unit* of r 1 : (A) 22, 
(B) 398, (C) 768, and (D) 1272. For clarity curve C is arbitrarily shifted 
upward 

*7 is tbe first -order rate coefficient for the kiss of Br atoms without 
CH^CHj present. 

— * loss by diffusion from the detector field of view 
and reaction with background impurities (7) 

Tbe bimolecular rate coefficients of interest, kj(7*P), art 
determined from the slopes of k' versus [CHjSCHj] plots. 
Observation of Br( 2 P 3/ ^) temporal profiles which art exponential 
(Le., obey eq 1), linear dependencies of k'oo [CHjSCH:], and 
invariance of observed kinetics to variations in laser photon fluence 
and pbotolytic concentration strongly suggests that reactions 1 
and 7 art the only processes which effect the Bi^Pj/J time history, 
although reactions of BrC^j/j) with impurities in the CHjSCHj 
• ample art not ruled out by the above set of observations. Typical 
Brf^i/i) temporal profiles and a typical k ' versus [CH>SCHj] 
plot observed in our study of reaction 1 art shown in Figures 1 
and 2. Kinetic data for reaction 1 art summarized in Tabic 1. 

In tbe absence of side reactions that remove or product 
Br(*Pj/i), the observed BrC^j/j) temporal profile following tbe 
laser flash in our study of reaction -1 can be described by the 
relationship 

5(f) - a, expi-rf) 4 <4 exfK-rjf) 4 a 3 exp(w 3 r) (II) 
where h can be shown that 


r,-0.5^ t 4/,4r>) 

an) 

fj-o.sy, 4 /*-/>) 

av) 

r } * k j4 k\ 4 Jk, 

(V) 


«, - + ( r j - J,)X 4 *'_,r 4 k’J/D (VI) 
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{CHjSCHJ (1 0 15 cm" 4 ) 

Hfri 1 Typical plot of k' versus [CHjSCHj] observed in tbe Radies 
of reaction 1 . The four doted circles are tbe daU points obtained from 
the temporal profiles shown in Figure 1 . Tbe tobd hue is obtained from 
a linear least -squares analysis and gives tbe bimolecular rate coefficient 
shown in tbe figure in units of cm 3 mo l ecule" 1 s~ ] . 

TABLE 1: Summary of Kinetic Data for tbe Reaction 
Bt(*P 3 / 2 ) + CHjSCHa — ■ HBr + CHjSCH 2 ‘ 

DO Of 


T 

P 

expts* 

ICHiSCHjJbu 

range of k' 

l|i^< 

386 

50 

19 

3.70 

10-687 

1.85 ± 0.05 

409 

50 

11 

844 

37-636 

0.716 ± 0.029* 

417 

50 

5 

4.19 

13-1339 

3.14 ±0 15 

428 

50 

7 

2.82 

13-899 

3.16 ±0 07 

483 

50 

6 

2.49 

18-1556 

6.13 ±0.11 

486 

50 

8 

2.22 

17-1546 

6.92 ± 021 

487 

200 

6 

2.60 

7-1684 

630 ± 0.30 

487 

20 

5 

1.57 

21-1177 

7.3 1 ±0.24 

548 

50 

10 

2.40 

39-2690 

1 ID ±0.3 

604 

50 

14 

lJl 

25-2618 

17.9 ± 1.1 


• Units art T (K), P (Jon), [CHjSCH,] (10 15 molecules car 5 ), *' 
(r 1 ),ai>d k\ (10* 13 cm 3 molecule* 1 r 1 ). * Expt ■ measurement of a single 
pseudo- first -ordeT BrC^j p) decay rate f Errors represent precision only. 
'Reactant is CD>SCD 3 


= 1(^3 - ',)o 3 + (r, - JJX + k’.,Y + k’J/D (VII) 

t* W* - ',) + *'_,*y/K/, - 'iWi -'•»)- (vni) 

where 


k>*,[CHjSCH,]./« 1,5 

(IX) 


(X) 


(XI) 


(XII) 


(xm) 

A - [Bryiaio 

(XIV) 

v iCHjSCHjo/EQJo 

(XV) 


and k t and k, are first-order rate coefficients for tbe processes 

CHjSCH 2 — loss by diffusion from tbe detector field of 

view and reaction with background impurities (8) 

Cl — loss by diffusion from the detector field of 

view and reaction with background impurities (9) 



Time (ps) 

Figured Typical atom temporal profile observed m tbe studies 

of reaction -1. Experimental conditions: P * 25 Torr, T m 525 It, [Hi] 
* 5.66 X 10 13 molecules arr 3 , [CljCO] » 4.24 X 10 14 molecules cm* 3 , 
fCHjSCH}) - 3.53 x 10 14 molecules cur 3 , [Cl)o * 5 x 10 11 atoms cm* 3 , 
and [HBr] « 1.83 X 10 15 molecules an* 3 . Tbe solid curire represents a 
nonlinear least -squares fit of tbe data to eq II and gives tbe following best 
fit parameters: a x * -2445 ax, tfj ■ 361S ax, flj * -769 ax, rj « 8167 
r \ and r 2 • 60 r 1 . Tbe parameter rj was held fixed at 72 080 r 1 . Tbe 
time-independent background of 1357 as (measured immediately prior 
to tbe laser flash) has been subtracted from each data point. 

It should be noted that 

r, + 'a * + J* - *'i + *7 + + *.,[HBr] (XVI) 

Hence, for daU obtained with the CHjSCHj concentration held 
constant, a plot of r x 4- r 2 versus [HBr] should be linear with slope 

Is the above equations, it is assumed that this 

assumption is approximately correct in the temperature and 
pressure regime of our study and is employed only to simplify the 
mathematics; ix., the determination of JL i does not critically 
depend cm its validity. A nonlinear least -squares analysis of each 
experimental temporal profile was employed to determine r it r 2 , 
a i, a 2 . and a y Because k b and k* are well-known and is 
negligible compared to k\ ♦ k r 3 was not treated as a variable 
in the fitting procedure. Under typical experimental conditions, 
fj was considerably larger than r , 4* r 2 , a requirement for accurate 
evaluation of r x + r 2 . Tbe bimolecular rate coefficients of interest, 
k_i(/\7), were determined from the slopes of plots of r x + r 2 
versus [HBr] for data obtained with [CHjSCHj] held constant 
(see eq XVI). It should be noted that accurate determination of 
JLi in these experiments requires that the concentrations of CH r 
SCH j and HBr be chosen with cart. We require that k'. x y> k \ 
(it least for tbe larger HBr concentrations employed) so that the 
dominant contribution to r 4 + r* is from reaction -1, not from 
reaction 1. 

Similar to the si tuatioo discussed above for tbe study of reaction 
1, observation of Br^Pj^ temporal profiles that obey eq II, 
linear dependencies of r x 4 r 2 on [HBr], and invariance of r x + 
r 2 to variation in laser photon fluence and pbotolyle concentration 
suggests that reactions 1,-1, and 5-9 are the only processes other 
than possible impurity reactions which significantly affect the 
BrPPjyi) time history. A typical Brf^Pj/j) appearance temportl 
profile and a typical plot of ^ -F r 2 versus [HBr] observed in our 
study of reaction -I art shown in Figures 3 and 4. Kinetic data 
for reaction -1 are summariied in Table 2, while best-fit values 
of r u *i» tod o 3 for data obtained at four representative 
temperatures art presented in Table 3. 

Listed in Table 2 art values of the intercept of the r x 4- r 2 versus 
[HBr] plots from each temperature. As can be seen from eq 
XVI, this intercept is the sum of three terms, i.e., k \ , * 7 , and k%. 
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Fifwt 4. Typical pk>t of r t ♦ r* wersn s [HBr] observed is the studies 
of reaction -1 . The dated circle is the data point obtained from the 
temporal profile shown in Figure 3. The solid line is obtained from a 
linear least-squares analysis and gives the bimolecular rate coefficient 
shown in the figure in units of cm 3 molecule -1 r 1 . 

Since [CH>SCH 3 ] is a known experimental parameter, k\ can 
be subtracted from each intercept, yielding k*(«k 7 + *i) In our 
study of *i(r) the observed background loss of BK^Pj/i) was 
always quite small, i.e M kn < 40 r 1 ; therefore, the values of k+ 
listed in Table 2 are dominated by k% It can be sees from Table 
2 that kt systematically decreases as the temperature increases. 
A likely explanation for the apparently large background loss of 
[CH>SCH 2 ] is the presence of 0 2 impurity possibly due to small 
leaks or the porosity of the Teflon tubing used in the flow system. 

CH 3 SCH 2 + 0 : +M- CHjSCH 2 0 2 + M (10) 

A room temperature value of 5.7 X 10" 12 cm 3 molecule -1 r 1 has 
been reported for A: l0 in 1 atm of SF* ,f Hence, levels in the 
10 mTorr range could account for our observed values for k* 
(Table 2). In any event the value of the intcrecept was nevei 
more than 25% and typically less than 10% of the maximum 
value of r i + r 2 at any temperature. We therefore conclude that 
the chemistry contributing to the intercept did not significantly 
impact the accuracy of our measurement of k.](7). 

As indicated in Tables 1 and 2, pressure dependence studies 
were carried out for reactions 1 and -1; as expected, no evidence 
for pressure-dependent rate coefficients was observed over the 
range investigated (20-200 Tott for reaction 1; 10-50 Ton for 
reaction -1). Arrhenius plots for reactions 1 and -1 are shown 
in Figure 5. The solid lines in Figure 5 are obtained from linear 
least-squares analyses of the In k*i versus T ] data; these analyses 
give the following Arrhenius expressions in units of cm 3 molecule" 1 
«-*: 

I, - (9.0 ± 2.9) X 10-" «p[(-2386 ± 151 )/T) 
k_, « (8.6 ± 2.5) X 1(T IJ exp[(836 ± 140)/71 

Errors in the above expressions are 2c and r e present p rec is ion 
only. On the basis of observed precision and consideration of 
possible systematic errors (see below), we estimate the absolute 
accuracy of each measured bimolecular rate coefficient to be 
±15% for k j(D values and ±25% for k-i(7") values. 

As discussed briefly above, a number of potential systematic 
errors in our kinetic measurements can be ruled out based on the 
observed invariance of Br^j/a) temporal profiles to variations 
in laser photon fluence, pbotolyte concentrations, flow velocity 
through the reactor, and laser pulse repetition rate; these include 
contributions to BrC^j/j) kinetics from radical-radical side 
reactions, from radical-pbotolyte side ructions, from reactions 
involving radicals which are produced by reactant photolysis, or 
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FlfvtS. Arrhenius pkxi for retebom 1 and -1 Sobd lines art obtained 
from linear least -squares analytes which yield the Arrhenius expressions 
given in the text. * 


from reactions involving stable products which build up in 
concentration with successive laser flashes. In situ measurements 
of stable reactant (Le., CH>SCH 3 and HBr) concentrations greatly 
reduce another potential source of systematic error. 

One type of kinetic interference which needs to be addressed 
is the potential contribution to measured rate coefficients from 
impurity reactions. The relatively unreactive nature of Br atoms 
makes it unlikely that impurity reactions were a problem in our 
study of reaction 1. The most likely impurity problem in our 
study of reaction -1 is from Br 2 . Potential sources of Br 2 are 
impurity in the HBr sample and residual Br 2 from heterogeneous 
reactions of HBr (presumably on metal surfioes of valves and 
fittings). There is no kinetic data in the literature for reaction 
11 . 

CHjSCHj + Brj — CH,SCHjBr 4 Br( J P,) (11) 

However, based on reported rate coefficients for reactions of Br 2 
with alkyl radicals 20 and thiyl radicals, ^ it seems safe to assume 
that reaction 1 1 proceeds at a near gas kinetic rate. Since CH 3 - 
SCH 2 probably reacts with Br 2 10-50 times faster than with 
HBr, the HBr concentration must be several hundred times largeT 
than the Br 2 concentration before Br 2 interferences can be 
considered unimportant To investigate the Br 2 interference 
problem, a 2-m absorption cell was positioned in the slow flow 
system downstream from the reaction cell and employed to monitor 
Br 2 photometrically (at 404.7 nm) with typical CItCO/CHj- 
SCHj/HBr/Hi/N: mixtures flowing through the system. No 
absorption was observed (ix M /// 0 > 0.998) even it HBr levels 
ms high ms 5 X 10“ molecules cm" 3 . Since the Br 2 absorption 
cross section mt 404.7 nm is about 6 x 10" 13 cm 2 , 22 these 
exp eri ments suggest that [Brj < 0.0004[HBr]. 

CHjSCHj has a small absorption cross section at 266 nm (1.2 
X 10" 21 cm 2 ). 13 An interference in our measurement of would 
be present if a significant fraction of the observed Br atom 
appearance were due to reaction of CH>SCHj pbotoproducts 
(rather than CHjSCHJ with HBr. As discussed above, the Cl 
atom pbotolyte, CljCO, has an absorption cross section at 266 
nm of 2.3 X JO" 20 cm 2 with an effective Cl atom yield of 
2. ,7JI All experiments to measure k_i were carried out with [Cl r 
CO] greater than or equal to [CH>SCH 3 ]. The concentration 
ofanyCH>SCHj photofragments were therefore never more than 
~5% of the initial [Cl], and since both CH>S and CHj react 
more slowly with HBr than does CH>SCH 3 (see ref 3 and the 
discussion in the next paragraph), it is concluded thit CH>SCH 3 
photolysis did not represent a significant systematic error in our 
measurements. In our measurements of kj, CH>SCH 3 photo- 
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TABLE 2: Summary of Emetic Data for tbe Reaction HBr 4 CHjSCH 2 — * 4 CHySCHj* 


Jefferson ex al. 

T 

P 

bo. of expu 4 

range of fHBr) 

range of (rj 4 rtf 

intercept' 


k_i * 

395 

10, 25,50 

8 

4.19-36.8 

6803-32840 

3770 

3250 

7.67 * 0.60 

422 

25 

4 

6.59-15.1 

7132-12810 

3300 

3130 

6.21 * 0.55 

426 

25 

5 

4.13-21.9 

5212-15640 

2700 

2420 

5.90 ±0.12 

428 

25 

5 

3.24-20.7 

4784-15030 

3060 

2870 

5.85 * 0.87 

458 

25 

5 

1.93-25.0 

3211-14750 

2350 

2150 

5.25*0.87 

525 

25 

6 

3.32-30.2 

2222-13510 

820 

470 

4.18*0.15 

558 

25 

5 

3J2-18.6 

2738-9142 

1350 

830 

4.17*0.13 

561 

25 

5 

5.17-18.1 

3681-8943 

1450 

925 

4.09 * 0.23 

563 

25 

6 

3.73-23.4 

2798-11180 

1500 

944 

3.43 * 0.09 

578 

25 

6 

2.81-18.3 

2526-8690 

1310 

700 

3.96 * 0.23 

583 

10, 25,50 

11 

1.71-30.7 

1997-11450 

1570 

960 

3.33*0.13 


•Units art T (K), P (Ton), fHBr] (io 14 molecules cnr 3 ), n + r> (r f ), intercept (r 4 ), k* (r 4 ), and k_, (IO- 42 cm 3 molecule" 1 r 1 ). *Expt * 
measurement of a tingle BrC^j/j) lemponJ profile. * r\ + r* defined is eq XVI. ' Int erce p t of (r t 4 #-*) versus [HBr] plot- * k* ■ background radical 
loss rate (see text )V Error* represents precision only. 


TABLE 3: Experimental Cooditkms and Best Fit Parameters at Foot Representative Temper atm es Obtained from Observation 
and Analysis of Br( I Pj/i) Temporal Profiles Observed following 266-nm Laser Flash Pbototyms of QjCO/Hx/CHjSCHa/HBr/Nj 
Mixtures 


temp, K 

total press. 

IHj) 

IChCO] 

|CH>SCHj] 

(HBr] 


*\ 

*2 

r* 

*) 

r,* 

395 

10.0 

237 

15.5 

113 

4.19 

-637 

8023 

822 

221 

258 

208 400 


47.3 

89 

5.90 

4.12 

536 

-1693 

6810 

1927 

* -12 

-44' 

80 200 


24.2 

124 

8.17 

5.88 

5.64 

-1613 

8045 

1830 

56 

•131 

112600 


25.0 

125 

836 

5.77 

10.9 

-1669 

11880 

1878 

24 

186 

114 900 


24.6 

120 

7.40 

539 

15.8 

-1329 

16060 

1618 

-0.5 

-119 

115600 


24.7 

80 

7.38 

5.31 

23.6 

-1845 

22530 

2104 

-23 

167 

116 800 


10.3 

135 

8.65 

642 

32.7 

-1256 

27430 

1540 

48 

-26 

114 500 


25.6 

107 

6.83 

5.13 

36.8 

-1555 

32870 

1892 

-29 

-164 

124 100 

458 

23.0 

699 

4.36 

4.39 

1.93 

-872 

3108 

1034 

68 

92 

73 880 


23.6 

691 

4.31 

436 

6.91 

-1489 

5725 

1660 

56 

134 

76 410 


23.5 

662 

4.13 

4.08 

11.7 

-1459 

8353 

1636 

49 

91 

77 950 


24.1 

647 

4.04 

3.92 

17.9 

-983 

12840 

1187 

34 

11 

81 080 


25.0 

636 

3.97 

3.85 

25.0 

-1361 

14730 

1739 

23 

-61 

86710 

525 

24.5 

630 

4.73 

3.89 

3J2 

-3483 

2156 

4049 

66 

-195 

61 730 


244 

614 

4.54 

3.79 

5.98 

-3282 

3268 

3994 

71 

-465 

62 980 


25.1 

607 

4.54 

3.78 

932 

-3017 

4668 

3819 

67 

-337 

66 680 


25.1 

586 

4.38 

3.72 

133 

-2758 

6612 

3725 

61 

-694 

69 850 


25.3 

566 

434 

333 

183 

-2445 

1167 

3618 

60 

-769 

72 080 


26.1 

525 

3.93 

3.33 

30.1 

-1979 

13460 

3445 

46 

-1051 

81 600 

578 

24.9 

113 

9.42 

4.39 

2.81 

-1875 

2429 

2303 

97 

-188 

65 350 


25.0 

111 

9.17 

4.41 

4.60 

-1695 

3025 

2139 

102 

-272 

67 560 


25.1 

105 

8.78 

434 

7.67 

-1465 

4123 

2004 

91 

-470 

68 640 


25.2 

107 

8.93 

4.17 

9.66 

-1873 

5126 

2536 

97 

-490 

69 840 


24.9 

105 

848 

3.96 

13.4 

-1804 

6336 

2605 

95 

-618 

71 060 


25.1 

96 

8.08 

3.86 

18.3 

-1666 

8606 

2541 

84 

-565 

75 180 


• Units are pressure (Tort), coocentntkms (10 14 molecules car 3 ), a, (signal counts), and r,- (r 1 ) 3 This parameter was fixed during the regression 
analysis (see text). 


products could only interfere via radical-radical reactions that 
would affect the atomic bromine concentration. Under the 
conditions of our experiments the amount of CH>SCH 3 pbotolyzed 
(a maximum of 3 X 1 0 ,c molecules cm -3 ) was small enough that 
radical-radical reactions would not occur on the time scale for 
Br(*Pj/ 2 ) loss via reaction with CH>SCH 3 . 

Another potential systematic error in our study of reaction -1 
centers around the possible occurrence of the reaction 

CH,SCH 2 + M CHj + CHjS + M (12) 

Using the CH>SCH 2 beat of formation determined in this study 
(see below) in conjunction with the best available beats of 
formation for CHj 24 and CHjS 25 " 77 leads to the conclusion that 
the H 3 C-SCH 2 bond strength is 30 * 3 kcal mol" 1 . Hence, it is 
conceivable that, near the high-temperature end of our range of 
experimental conditions (i.c., T ~600 K), reaction 1 2 could occur 
rapidly enough that the rate-limiting step in production of bromine 
atoms was not reaction - 1 , but rather reaction 13. 

CHj 4 HBr — Br(*P,) + CH 4 (13) 

To examine this possibility, we have directly measured k 13 at 573 
K by monitoring Br( 2 P 3 / 2 ) appearance following 266-nm laset 


flash pbotolysBofC^CO/C^/HBr/H:/!^ mixtures, i.c., using 
the Cl + CH 4 reaction as a source of methyl radicals. A plot of 
fi + r 7 versus [HBr] for this experiment is shown in Figure 6 ; 
the slope, (2.09 * 0.1 3) X 1 0 » 12 on 3 molecule " 1 r\ n k l3 ( 573 K). 
This value agrees well with the value 2.04 x 10 " 12 cm 3 molecule - 1 
r 1 obtained via extrapolation of the Arrhenius expression we 
report elsewhere , 4 which is based on kinetics studies carried out 
over the temperature range 257-422 JC (kn * 1.3 X 10 " 12 exp- 
(233/F) cm 3 molecule " 1 r 1 ). When CH>SCH 3 was employed in 
the reaction mixtures instead of CH* a significantly faster value, 
k(573 K) ~ 3.7 X 10 " 12 cm 3 molecule - 1 r 1 , was obtained for the 
“apparent" rate coefficient (see Figure 5). This observation, 
coupled with the fact that the "apparent" activation energy (i.e., 
the slope of the in k versus F " 1 plot) did not change as a function 
of temperature, leads to the conclusion that reactions 12 and 13 
were not a significant interference in our study of reaction - 1 . 

Another possible interference in our measurement of k.j(7) 
results from the presence of H? which was added to ensure that 
any atomic bromine formed in the state was rapidly quenched 

to the ground state. At the higher end of our temperature 
range the reaction 

C1 + H 2 -~HC1 + H (14) 

becomes rapid enough to be significant . 21 The hydrogen atom 
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Fipn 4. Plot of k'vmw [HBr] observed is the study of reaojoe 13. 
Experimental conditions: T * 573 1C, F « 25 Ton, [HJ * 1.0 x 10 u 
molecules an- 3 , [ChCO] ■ 9.1 X 10 14 molecules cnr 3 . TV solid hoc 
represents a linear least -squares analysis of tbc data winch fives the 
bimol ocular rate coefficient shown is the figure is units of cm 3 molecule^ 1 
r 1 . 

will then quickly react with HBr 39 

H 4 HBr — H 2 4 Br (15) 

Id order to access the contribution of this additional Br production 
process, we simulated the chemistry under typical experimental 
conditions at 583 K using a numerical integration routine. The 
reaction mechanism included reactions ± 1 , 5-9, and 14-16. 

H — loss by diffusion from the detector field of 

view and reaction of background impurities (16) 

Simulated Br time dependencies were generated at several typical 
levels of [HBr] and at constant [CH>SCH 3 ]. Each simulated Br 
temporal profile was then subjected to the same nonlinear least- 
squares fitting routine as was used in analyses of the experimental 
data The slope of the resulting r , 4* r 2 versus fHBr] plot was 
lower wbeD [H 2 ] * 0 then when [H 2 ] was tet to the 
experimental value of 6 X 10 35 molecules cm” 3 . Since this 
simulation was carried out under conditions where the contribution 
of reactions 1 4 and 1 5 would be greatest, no corrective action was 
deemed necessary to account for this minoT interference. 

Disassioc 

Reaction Mechanisms. Since we wish to employ our kinetic 
data to evaluate thermochemistry, the identity of the reaction 
products is a crucial issue. Can we be sure that Brf^Pj^) 4 
CH>SCHj produces CH>SCH 2 4 HBr with unit yield, and can 
we be sure that CH>SCH 2 4 HBr produces Br^Pj/j) 4 CHr 
SCHj with unit yield? in the case of tbc Br^Pi/j) 4 CHjSCHj 
reaction, we have found that addition to the sulfur atom is the 
dominant reaction pathway at T £ 300 K . 30 However, at the 
temperatures employed in this study, T & 386 K, the adduct 
lifetime toward unimoJecular decomposition back to reactants is 
so short that its existence is kineticaOy inconsequential. At 
temperatures around 400 K, we have obtained strong evidence 
that the dominant pathway for the Br(*Pj/j) 4 CH>SCH j reaction 
is hydrogen transfer. First, we find that at T * 409 K Brf^P,^ 
reacts with CD>SCD 3 a factor of 3.7 more slowly than with CH r 
SCH 3 (Table 1 ); this result strongly suggests that the reaction 
mechanism involves breaking a carbon-hydrogen bond. Second, 
in experiments which will be published elsewhere, we have 
employed time-resolved tunable diode laseT absorption spectros- 
copy 10 directly monitor HBr production from the Br(*Pj /2 ) 4 
CHjSCHj reaction ; 31 using the BrpPj/j) 4 (CH 3 ) 3 CH reaction 
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TABLE 4: T W riwheoctl Parameter* for the Reaction 
Bt(*Pv 2 ) 4 CH 3 SCH 3 — CH 3 SCH 2 4 HBr 

A H* kcaJ moH hS* cal moH deg- 1 

T,K 2nd law 3rd law 2nd law 3rd U» 

470 6.40 ± 0.58 6.67 * 1 .37 9.23 ± 0.40 912 ± 1 .30 

298 5.98 ± 0.58 6.24 ± 1 .37 7 J3 ± 1 .96 8.72 ± 1 30 

0 534 4b 0.59 530 ±138 

* Errors are 2# aad represent best estimate of absolute accuracy 

as a “unit yield calibration*, we find that the HBr yield from 
Br( 2 P|/2)4CH>SCH3ttDearimity. For the CH>SCH 2 4 HBr 
reaction, qualitative thermocbemical considerations suggest that 
production of CH>5CH3 4 Br should be the dominant reaction 
pathway. Observed resonance fluorescence signal levels confirm 
that atomic bromine is produced with high yield. However, 
production of electronically excited bromine atoms, Bi^Pj/i), is 
a possibility which warrants consideration. 

CHjSCHj + HBr - CHjSCH, + Br^) (-10 

, * * * # 

If the CH>SCH: 4 HBr reaction proceeded exclusively or a 
aignificant fraction of the time via channel - 1 ', then we would 
be overestimating the rate of the true reverse of reaction 1 and 
our reported enthalpy change for reaction 1 (see below) would 
be in error. A simple thermocbemical argument based on the 
measured activation energy for reaction 1 can be used to place 
a reasonable upper limit on k^y. It is reasonable to assume that 
the activation energy for reaction -1 is greater than - 2.0 kcal 
moH. Since the bromine atom spin-orbit splitting is 10.5 kcal 
moh 1 , reaction -1' must be endothermic by at least 3.7 kcal 
mof-\ Le., 10 J - 2.0 - 4.8 kcal moH where 4.8 kcal xnoH is the 
measured activation energy for reaction 1 . Taking 1 X 1 CH 1 cm 3 
molecule - 1 r 1 as an upper limit A factor for reaction -1' (a 
polyatomic 4 diatomic reaction) axxl 3.7 kcal moh 1 as a lower 
limit activation energy for reaction - 1 ' leads to the result JLy < 
9.0 x 10“ H cm 3 molecule - 1 r l at 395 K and JL r < 4. 1 x l(H 3 
cm 3 molecule - 1 r 1 at 583 1C; comparison of these limits with the 
rate coefficients reported in Table 2 shows that upper limit 
branching ratios for formation of BrC 2 ?!^) are 0.013 at 395 K 
and 0.11 at 583 K. We conclude that it is safe to ignore the 
possible occurrence of reaction -1 'in our tbermocbemical analysis. 

Thermochemistry . From the Arrhenius parameters determined 
in this study, we can obtain the enthalpy* change and entropy 
change associated with reaction 1. One approach, the “second 
law method*, employs the following relationships to obtain 
tbenDOcbemical parameters: 

Aff, (XVII) 

AS,-Jtln(4/4.|) (XVIII) 

where A H n AS* £ h and A< are the enthalpy change, entropy 
change, activation energy, and A factor for reaction /. Tber- 
mocbemical parameters for reaction 1 obtained from the second 
kw analysis are tabulated in Table 4. The temper a ture 470 K 
is the arithmetic mean of the T " 1 ranges employed in the 
determinations of k\{T) and k_i(T). Values of LH at 298 and 
0 K were computed using beat capacity corrections obtained from 
tbc JAN AT tables 34 for Br and HBr and calculated using the 
structural information in Table 5 for CH>SCH 3 and CH>SCH 2 . 
Seoond law values for AS at 298 K were computed from the 
relationship 

A C m * A N m - TAS m « -RT in A^(298 K) 

« /erin[^ 1 (298 K)/*,(298 K)] (XIX) 

Values for Aj(298 K) and Jlj( 298 K) were computed from the 
Arrhenius expressions reported above. 
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TABLE 5: Stru c t ur al Parameters Used m the Erahutioe of Absolute Eatropies aw) Heat Capacities for CH>SCH 3 aw) 

CHjSCHj' 


CH>SCHj* 


CH>SCH 2 wymmetry 


vibrauonaJ frequencies, cm -1 

barriers to iatemal rotation, kcaJ rooH 

moments of inertia 
ABC,am\i ) A 4 

/,(CHj),amu A 2 
lt{C Hj), amu A 2 


2998, 2998, 2990, 2970, 2930, 2930, 
1444. 1444, 1439, 1430, 1331. 1315, 
1030, 973, 940, 903, 743, 695, 282 

y^CHi) - 1 J9* (doubly defnerau) 

173180 

3.24 


3157, 3025,3006,2997,2897, 

1419, 1407,1358,1294,991, 
929,166,811,689, 282,281 
3139,3010, 3005,2996.2896, 
1418,1407,1357,1294,993,930, 
172,807,689.398,282 
K#( CHj) - 1.68 
P*(CH2) • 140-6.1 9 

129724 (C,) 

129976 (C,) 

3.01 

1.77 


C, 


c, 


• Ex cep 1 , wbert noted otherwise all parameters art from ah initio calculations at the UMP2/g-3H-G(2d) level 17 (tee ten for further ditcutsioc). 
4 Experimentally observed value? from ref 33. r From ref 34. 4 Extremes of suggested barrier heights, the lover from ref 35 and the higher from ref 
32, tbermocbcxnica] parameters calculated at extremes and averaged 


TABLE 6: Comparison of CH*SCH 2 TbermochemicaJ 
Results from This Study with lit era tart Vainer* 


7, K LH lt C-H bond strength in CHjSCHj rtf 


298 32.7 ± 1.4 93.7 ± 1.4 this work 

35.6 ± 1.0* 96 6 ± 1.0* 35 

0 35.3 ± 1.4 92.0 i 1.4 this work 

34.8 ± 2.5 91 ± 2.5 38 

37.3 39 


•Units art kcal mol -1 for the tbermocbemica! parameters 4 These 
values were arrived at using an assumed activation energy for the 
CH>SCH 2 4- HI reaction of 1.0 ± 0.5 kcal moh 1 . 

An alternate approach for obtaining tbermocbemical param- 
eters is the •"third law method* where the entropy change is 
calculated using standard statistical mechanical methods 14 and 
employed in conjunction with an experimental value for 8^(7") 
to obtain AJlj (from eq XIX). Absolute entropies as a function 
of temperature were obtained from the JANAF tables 14 for Br 
and HBr, and calculated using the structural information in Table 
5 for CH>SCH 3 and CH>SCH 2 . The uncertainty in the third law 
AS value is based on estimated uncertainties in key structural 
parameters, most notably the low-frequency vibrational modes 
and internal rotation barriers in CH>SCH 2 . The structural 
parameters for CH>SCH 2 listed in Table 5 are based on ab initio 
quantum chemical calculations carried out by McKee. 12 His 
calculated bond angles and bond lengths (for the structure with 
C] symmetry ) agTee well with those reported in a recent ab initio 
theoretical study by Baker and Dyke. 17 McKee finds that two 
structures with C\ and C, symmetry , respectively , are very close 
in energy . The calculated frequency of the CH 2 wag changes 
considerably between the two structures; its values (scaled 
downward by 5 % from those actually calculated) art 28 1 cnrHC,) 
and 398 cm* 1 (Ci). Another major source of uncertainty is the 
barrier for interna] rotation of the CH 2 group McKee's 
calculations suggest that this barrier could be very large (6.15 
kcal moh 1 ) while Shum and Benson 35 estimate a barrier of 1 .40 
kcal mol -1 . We have carried out four separate calculations of the 
absolute entropy of CH>SCH 2 (5*; using different pairs of the 
above values for the CH 2 wag frequency and the banier to CH 2 
internal rotation. Reported beat capacity corrections and third 
law AS values employ the average result with uncertainties 
adjusted to spin the range of reasonable possibilities. The four 
calculations give 5* values which range from 70.84 to 73.09 cal 
moh 1 K* 1 ; the average value is 71.89 cal moh 1 K* 1 . 

Values for AJi r. 0 and AJJun for CHjSCHj, which are given 
in Table 6, were calculated from our AMn*.T determinations using 
literature values for the beats of formation of Br, 14 HBr, 14 and 
CHjSCHj. 40 Simple averages of the second and third law 
enthalpies of rea ction have been employed to obtain our reported 
heat of formation; this approach seems reasonable since (a) 
estimated uncertainties in the second and third law determinations 


do not differ greatly and (b) the second and third law values for 
A Hir agree to within a few tenths of a kcal moh 1 . The reported 
uncertainties in AJ/tr represent 2*' estimates of absolute a dcuracy- 
since the 2c error estimates for the individual second and third 
law determinations are significantly larger than the deviations of 
the two determinations from their mean, we take the larger of 
the (second and third law) error estimates to be the error for the 
mean. The possible small contribution from reaction -1', ix n a 
channel forming BrC^Pj/j) (sec above), represents an insignificant 
source of systematic error. 

Comparisoc with P revious Research. To our knowledge there 
have been no previous kinetics studies of either reaction 1 or -1. 
The preexponentiai factor that we observe for reaction 1 is similar 
to those observed for other atom plus polyatomic hydrogen 
abstraction reactions. In the case of the reverse process, reaction 
-1, a significant negative activation energy is observed. It is 
interesting to note that in recent studies negative activation 
energies have been observed for reactions of car bo d - centered 
radicals with HBr 4 - 41 and HI, 42 while positive activation energies 
have been measured for reactions of sulfur -centered radicals with 
HBr . 5 In fact, the Arrhenius parameters reported here for reaction 
-1 are similar to the Arrhenius parameters for the C 2 Hj + HBr 
and /-G 4 H 9 4- HBr reactions A 4 1 

While the experimental evidence for negative activation ener g ies 
in reactions of car bon -centered ndicals with HBr and HI is very 
strong, the theoretical interpretation of this oountcrinituitive 
phenomenon is less dear. Apparently, reaction proceeds via 
formation of a weakly bound complex. Aa shown by Mozurkewicb 
and Benson , 43 if the transition state leading from reactants to 
complex (TSl) is loose and the transition state leading from 
complex to products is both tighter and lower in energy compared 
to TSl, than a negative activation energy should be observed. 
McEwen and Golden 44 have r e ported a two-channel RRKM 
calculation that models the 1 -C 4 H 9 + HI (DI) reactions as 
proceeding via formation of a weakly bound (CHj)jC— I— H (D) 
complex. They were able to r e produce the kinetic results of 
Seetula et al. 42 for /-C 4 H 9 4* HI with complex binding energies 
as low as 3 kcal moh 1 . Interestingly, their models which are 
capable of reproducing experimental k{T) values for i-C*H> 4- 
HI also predict an inverse kinetic isotope effect (KIE), Le., Am 
< Am; this prediction results from the fact that the transition 
state leading from oomplex to products becomes looser with the 
lower vibrational frequencies associated with deuterium substitu- 
tion. No experimental determination of the KIE for f-CJif 4* 
HI, DI has been reported. However, “normal* kinetic isotope 
effects art observed for CH>, C 2 H 5 , and f-C*H* reactions with 
HBr, i.c., Ahw > Ad* 4 A detailed theoretical study of the CHj 
4- HBr reaction, which has an activation energy of about -0.4 
kcal moh 1 , M5 has been reported by Chen et al.* 47 They calculated 
a potential energy surface at the G 1 level of theory and deduced 
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the existence of t hydrogen-bridged complex with C* symmetry 
which is bound by 0.28 kcaJ moH and is formed without i corn ticro 
energy. Chen et al. calculated rate constants for CH 3 + HBr, 
CH 3 + DBr, and CD 3 + HBr from RRKM theory with corrections 
for tunneling By adjusting the height of the barrier toward 
dissociation to products, they were able to obtain values for k( T) 
which agreed fairly well with experiment ^ 45 furthermore, their 
calculated isotope effects agreed quantitatively with experiment . 4 

Table 6 contains a comparison of our therm ocbemkad results 
with previously reported values Sbum and Benson 35 reported a 
value of AHun for CH>SCH 2 that is approximately 3.0 kcal 
roof -1 larger than the result re p o r ted in this study, these 
investigators studied the iodination of CH>SCH 3 at elevated 
temperatures (630-650 K). Kinetic information was arrived at 
indirectly by monitoring the rate of change of pj and total 
pressure. In order to obtain their reported tbermochemical results, 
Shum and Benson assumed a value of 1.0 ± 0.5 heal moh 1 for 
the activation energy for the reaction 

HI + CH,SCH 2 — 1 + CH 3 SCH 3 (17) 

If the activation energy for reaction 17 is actually negative (as 
we report for the analogous CHjSCH 2 + HBr reaction), then the 
difference between Sbum and Benson’s value for AHKCHjSCH 2 ) 
and the value reported in this study would be even larger. The 
only other experimental thermocbemical information available 
in the literature is from a recent molecular beam pbotofrag* 
mentation study of CH>SCH 3 by Ng and 00 -workers ,* 1 in which 
they report 1 value of 91 ± 2.5 kcal moh 1 for the C-H bond 
strength in CH>SCH 3 ; their result is in good agreement with our 
reported value of 92.0 ± 1 .4 kcal moh 1 although our error hmits 
are nearly a factor of 2 smaller. A recent ab initio calculation 
by Ma et al * obtains A * 37.3 kcaJ moh 1 , somewhat higher 
than our value of 35.3 ± 1 .4 kcal moh 1 but in agreement within 
estimated combined uncertainties. 
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HALOGEN AND SULFUR REACTIONS RELEVANT TO POLAR CHEMISTRY 
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INTRODUCTION 

It is widely hypothesized that catalytic cycles involving BrOx species play an 
important role in the episodic destruction of ground-level ozone which is observed in the 
springtime Arctic boundary layer, although the exact mechanism for production of BrO x 
radicals remains an open question [Barrie et al., 1988, Bottenheim et al., 1990, Finlayson- 
Pitts et al., 1990, McConnell et al., 1992] The critical evidence linking ozone depletion with 
BrO x chemistry is an observed negative correlation between ozone and filterable bromine 
[Bottenheim et al., 1990, Kieser et al., 1992] In a recent field study of springtime Arctic 
boundary layer chemistry [Kieser et al., 1992], ozone concentrations and ethane 
concentrations were found to be correlated, this observation suggests that chlorine atoms 
(which react rapidly with ethane) may also be an important catalyst for ozone destruction 
under springtime Arctic conditions. 

The possibility that reactions occurring on surfaces of sea-salt aerosol particles can 
lead to significant production of halogen atoms in the marine boundary layer has received 
considerable attention in recent years Production of photochemically labile X 2 (g) (X * 
Cl,Br) via heterogeneous degradation of ozone (possibly involving free radical intermediates) 
is one suggested pathway for generation of gas phase bromine atoms [McConnell et al., 
1992] and chlorine atoms [Zetzsch et al., 1988, Behnke and Zetzsch, 1989, Keene et al., 
1990], however, recent laboratory and modeling studies [Behnke and Zetzsch, 1990, 
Chameides and Stelson, 1992a, 1992b] suggest that, at least in the case of chlorine, this 
pathway is not important in the atmosphere. On the other hand, it appears that CINO 2 , 
generated via heterogeneous reaction of N 2 O 5 vapor with moist NaCl(s), may represent a 
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photolytic precursor for atmospherically significant levels of atomic chlorine, even in the 
remote marine boundary layer where NOx levels are typically quite low [Behnke and Zetzsch, 
1990, Zetzsch and Behnke, 1992, Ganske et al., 1992]. The analogous reaction of N2C>5(g) 
with NaBr(s) is one proposed source of springtime Arctic BrOx radicals [Finlayson-Pitts et 
al., 1990], although h has been pointed out that generation of sufficient levels of the 
photolytic precursor BrNC>2 would require a longer residence time for Arctic air than is 
actually observed [McConnell et al., 1992; Patterson and Husar, 1981]. The frequency of ice 
fogs in the springtime Arctic boundary layer suggests that heterogeneous chemistry similar to 
that which occurs in polar stratospheric clouds [Poole et al., 1992] may result in partitioning 
of XO x (X * 030 species largely into the reactive forms X and XO. 

Dimethyl sulfide (CH3SCH3, DMS) is a key atmospheric sulfur species Roughly half 
the global flux of sulfur into the atmosphere is thought to be natural in origin [Cullis and 
Hirschler, 1980; Schwartz, 1988] and a significant fraction of all natural sulfur enters the 
atmosphere as DMS volatilized from the oceans [Andreae, 1986, Bates et al., 1987], Levels 
of DMS in polar regions typically peak during springtime when microorganisms which 
produce DMS are exposed to light after a long dark period [H. Benesheim, private 
communication]. Hence, under conditions which exist in the springtime Arctic marine 
boundary layer, reactions of chlorine and bromine atoms with DMS may play an important 
role in coupling the halogen and sulfur cycles. 

Discussed below are the results of recent laboratory studies we have carried out to 
investigate the kinetics and mechanisms of the X + DMS reactions (X * Ci,Br) [Stickel et al., 
1992, Nicovich et al., 1992a], We also present estimates of sea level (i.e., 760 ton) 
unimolecular decomposition rates for BrN(>2 which are based on kinetic and thermochemical 
information obtained in our recent study of the Br + NO2 association reaction [Kreutter et 
al., 1990], 

THE CL ♦ DMS REACTION 

Time-resolved resonance fluorescence detection of chlorine atoms following 266 nm 
laser flash photolysis of CI2CO/DMS/N2 mixtures has been employed to study the kinetics of 
R1 over the temperature and pressure ranges 240-42 IK and 3-700 ton. 

Cl + CH3 SCH3 -• products ( 1 ) 

A complete dercription of the experimental approach can be found in a recent publication 
describing our study of the Cl + CS2 reaction [Nicovich et al., 1990], In agreement with a 
recent competitive kinetics study [Nielsen et al., 1990], we find that R1 is very fast, i.e., 
reaction occurs on essentially every Cl + DMS encounter. Measured rate coefficients at 
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240K, 297K, and 42 IK are plotted as a function of pressure in Figure 1. The reaction rate is 
found to increase with decreasing temperature as would be expected for a very fast reaction 
whose rate is determined by the magnitude of long range attractive forces between the 
reactants. The somewhat surprising aspect of the data in Figure 1 is our observation of a 
dear pressure dependence for k\. It appears that reaction 1 occurs via both pressure- 
independent and pressure-dependent pathways, the pressure-dependent pathway must involve 
coilisional stabilization of a (CH 3 > 2 S-C 1 adduct. 

To gain further insight into the mechanism for reaction 1, we earned out a separate 
set of experiments where laser flash photolytic (LFP) production of Cl (via 248 nm photolysis 
of phosgene) was coupled with tunable diode laser absorption spectroscopy (TDLAS) to 
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Fig. 1. Rate constants for the Cl + (CT^S reaction at three temperatures plotted as a 
function of pressure. The solid lines are 'eyeball' fits to the data, their significance is simply 
as an aid in visualizing the observed pressure dependencies. 
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Table 1. Yield of HC1 from the Cl + DMS reaction as a function of pressure at T * 297 K 


Buffer Gas 

P(torc) 

n(») 

HC1 Yield 

co 2 

0.6 

2 

098 


2.0 

19 

0.89 


5.0 

4 

0.79 


10.1 

4 

0.74 


26 

2 

0.62 

N 2 ( fe ) 

5.0 

2 

0.85 , 


10.0 

2 

0.80 


25 

2 

068 


50 

2 

0.59 


100 

2 

0.54 


203 

2 

0.51 


(a) N ■ number of experiments 

(b) includes one torr of CO 2 


measure the HC1 product yield at 297K as a function of pressure A detailed description of 
the LFP-TDLAS apparatus is given elsewhere [Shekel et al ., 1992] To obtain the HC1 yield 
we carried out back-to-back experiments where the photolyticaJly produced Cl reacted with 
DMS, then with ethane ^H^), the yield of HC1 from the Cl + CjH^ reaction is known to be 
unity In all experiments, at least 0 6 ton COj was present in the reaction mixture to (a) f 
acilitate rapid equilibration of the atomic chlorine spin-orbit states and (b) facilitate rapid 
relaxation of any HC1 formed in the v * 1 level Typical experimental HC1 appearance 
temporal profiles are presented elsewhere [Shekel et al., 1992] The results of the yield 
experiments are summarized in Table 1. 

The HC1 yield approaches unity as P 0 but decreases with increasing pressure. 
Although extrapolation of kinetic and yield data to zero pressure is non-trivial, examination 
of the results in Figure 1 and Table 1 strongly suggests that the following relationship is 
obeyed 


♦(P) * kj(IM)) / kjP * 1 
where 4>(P) is the HC1 yield at pressure P. 

The experiments described above demonstrate that hydrogen abstraction is the 
dominant pathway for reaction 1 in the low pressure limit. With increasing pressure, 
stabilization of a (CH 3 > 2 SG adduct apparently becomes competitive with the hydrogen 
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abstraction pathway Under the pressure and temperature conditions of the springtime Arctic 
boundary layer, it appears that kj - 4 x 10**0 cm-* molecule'* r* and that 60-80% of the 
overall reaction proceeds via the adduct -forming pathway The fate of the stabilized adduct 
remains uncertain, although it dearly does not dissociate to G or HC1 on the time scale of 
our experiments (several milliseconds). One interesting possibility is reaction with O 2 to 
form (CHj^SO + GO, this reaction could represent an unrecognized source of atmospheric 
(CH 3 > 2 SO. Another energetically feasible pathway for degradation of (CH 3 > 2 SG is 
unimolecular decomposition to CH 3 S + CH 3 G, a process which could possibly represent an 
important source of atmospheric methyl chloride. Clearly, the atmospheric fate of 
(CH 3 > 2 SC 1 warrants furthei investigation. 

THE BR + DMS REACTION 

Time-resolved resonance fluorescence detection of bromine atoms following 266 nm 
laser flash photolysis of CF 2 Br 2 /DMS/H 2 /N 2 mixtures has been employed to study the 
kinetics of reaction 2 as a function of temperature and pressure 


A complete description of the experimental approach can be found in a recent publication 
describing our studies of the reactions Br + H 2 S Z SH + HBr and Br + CH 3 SH Z CH 3 S + 
HBr [Nicovich et al., 1992b]. Distinctly different kinetic behavior is observed in the two 
temperature regimes 260-3 10K and 375-425K 

In the low temperature regime, i.e., 260-3 10K, the dominant reaction pathway is 
found to be reversible adduct formation: 


Observation of the kinetics of the approach to equilibrium allows evaluation of k^fP.T), 
k_ 2 aOP»T) and, therefore, K^fT) (K^q • k2a^2a) Measured rate coefficients are 
summarized in Table 2 A van*t Hoff plot of In Kp versus T'* is shown in Figure 2. From the 
slope of the van*t Hoff plot (and a small heat capacity correction) we obtain a value for the 
enthalpy change associated with reaction 2 a, i.e., the (CH 3 ) 2 S-Br bond strength, the result is 
AH 29 g * -14.5 ± 1.2 kcal mole'*. We have recently carried out similar measurements of the 
(CH 3 ) 2 S-OH bond strength [Hynes et al., 1992] and find it to be approximately equal to the 


Br + CH 3 SCH 3 products 


( 2 ) 


Br + (CH 3 ) 2 S + M - (O^SBr + M 
(CH 3 ) 2 SBr + M Br + (CH 3 ) 2 S + M 


(2a) 

(• 2 a) 
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Table 2 Rale constants for the reactions Br + (CHj^S + M ^ 
(CH3>2SBr + M as a function of temperature and pressure^) 


T 

P 

k 2a 

fc-2a 

notes 

263 

50 

4.49 

410 


265 

50 

3.90 

380 


267 

200 

8.25 

1,350 


268 

50 

6.07 

730 

(b) 

269 

200 

10.1 

2,050 

(b) 

272 

25 

2.63 

500 


274 

50 

4.16 

920 


274 

100 

5.70 

1,380 


274 

200 

7.49 

2,400 


274 

400 

10.2 

3,150 


274 

600 

11.9 

3,600 


285 

50 

3.18 

2,360 


285 

200 

6.70 

5,900 


291 

50 

2.96 

3,210 


291 

200 

669 

7,730 


298 

50 

2.74 

5,150 

(C) 

299 

50 

3 44 

7,430 

(b) 

300 

25 

1.77 

3,750 


300 

50 

262 

5,920 


310 

25 

1.43 

6,810 


310 

50 

2.11 

10,500 



(a) Units are T(K), P(tonr), k^OO’ 11 cm 3 molecule’ 1 s’ *), k.^s’ 1 ) 

(b) Reactant was DMS-d$ 

(c) Photolyte was Br 2 (it was CF 2 Br 2 in all other experiments), Br 2 was 


photolyzed at 355 nm. 


(CH3)2S-Br bond strength Hence, a reasonable “guesstimate" for the (CH3>2S-C1 bond 
strength is 14-15 kcal mole’ 1 . 

At temperatures above 375K, (CH3>2SBr decomposition is so rapid that the addition 
reaction effectively does not occur. In this temperature regime sulfide reactivity toward 
atomic bromine follows the trend (C2H5)2S > (CH3>2S > (CD3>2S, strongly suggesting that 
the dominant reaction pathway is hydrogen abstraction: 

Br + CH3SCH3 - HBr + CH3SCH2 (R2b) 

Interestingly, we measure an activation energy for reaction 2b of 5.0 kcal mole’ 1 , while the 
literature value for CH3SCH2 heat of formation [Shum and Benson, 1985] suggests that 
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reaction 2b is endothermic by 9.0 kc&l mole' 1 ; hence, our kinetic results strongly suggest that 
the C-H bond strength in DM S is 2-4 kcal mole' 1 weaker than currently thought. 

Extrapolation of our kinetic data to conditions typical of the springtime Arctic 
boundary layer (760 torr, 230-270K) suggests that under the conditions of interest (a) 
addition of Br to DMS is four to five orders of magnitude faster than hydrogen abstraction, 
(b) the rate coefficient for the addition reaction is (1.3 ± 0.2) x 10* 10 cm 3 molecule' 1 s' 1 ; 


TOO 

300 280 260 



Fig. 2 van*t Hoff plot for the equilibrium Br + (CHj^S 2^ (CHj^SBr Open circles are 
data obtained using (CD 3 ) 2 S as the sulfide reactant. Solid line is obtained from a least 
squares analysis, the slope gives AH(334K) * -14.6 ± 1.1 kcal mole' 1 while the intercept 
gives AS(334K) * -22 9 ±3.9 cal mole' 1 deg' 1 (errors are 2 a and represent precision only). 
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ind (c) the lifetime of the (CH^SBr adduct toward unimolecuiar decomposition is 0.01- 
0.0001 seconds The short lifetime of (CH 3 )2SBr toward unimolecuiar decomposition 
suggests that the only atmospheric species capable of scavenging (CH 3 )2SBr is O2. 

(CH 3 )2SBr + 02 - (CH^SO + BrO (3) 

To search for BrO production from reaction 3, a separate set of experiments was carried out 
(at 297K) where time-resolved longpath absorption detection in the near ultraviolet was 
coupled with 248 nm laser flash photolysis of CF3Br/DMS/H2/N2/C>2 mixtures, a description 
of the apparatus is given elsewhere [Daykin and Wine, 1990]. Production of BrO was not 
observed, but a strong, broad, unstructured absorption feature with ~ 370 nm was 
observed. Studies of the appearance kinetics of the absorption feature demonstrate rather 
conclusively that it is due to (CH^SBr, i.e., a plot of pseudo-first order appearance rate 
versus [DMS] is linear with slope equal to the (previously measured) k2 and intercept equal 
to the (previously measured) k_2* At 50 torr total pressure the strength and temporal 
behavior of the transient absorption signal was independent of whether N2 or O2 was 
employed as the buffer gas, this observation suggests that k 3 < 3 x 10*^ cm 3 molecule' 1 
s’V For assessing the potential role of reaction 3 in atmospheric chemistry under springtime 
Arctic boundary layer conditions, it will be necessary to extend the time-resolved absorption 
studies to higher O2 partial pressures and lower temperatures 

UMMOLECLXAR DECOMPOSITION OF BrN0 2 

As mentioned in the introduction, Finlay son-Pitts et al. [1990] have proposed that 
BrN02 (nitryl bromide), formed via the heterogeneous reaction of N2O5 with NaBr on the 
surface of sea salt aerosol panicles, may be an important photolytic precursor to BrO x 
radicals in the springtime Arctic boundary layer However, McConnell et al [1992] have 
pointed out a potential problem with the Finlayson-Pitts et al proposal - the residence time 
for an air mass in the Arctic may not be long enough for sufficient buildup of BrNC>2 to occur 
prior to polar sunrise 

Recently, we reported a detailed study of the kinetics and thermochemistry of 
Br + NO2 association reaction [Kreutter et al., 1990], Given in Table 3 are upper and lower 
limit lifetimes toward BrNC>2 unimolecuiar decomposition (i.e., IC4' 1 ) under springtime 
Arctic boundary layer conditions, the lifetimes are obtained by extrapolation of our data 
[Kreutter et al., 1990] to 760 torr and low temperature. 

BrNC>2 + N2 Br + NC>2 + N2 (4) 
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The range of values for k 4 ’l which are consistent with our data is rather large because the 
possible roles of the (short lived) isomer BrONO and/or excited electronic state potential 
energy surfaces could not be quantified due to lack of information. Nonetheless, the data in 
Table 3 lead to an important conclusion At temperatures typical of the wintertime and 
springtime Arctic, i.e, 220 - 260 K, the lifetime of BrN(>2 toward unimolecular 
decomposition is rather short, i.e., usually less than one day Hence, bromine atoms would 
be released from the BrNOj reservoir not only when the sun comes up, but continuously 
during the dark BrNC>2 production period. 


Table 3 Lifetime of BrNC >2 toward unimolecular decomposition at atmospheric pressure 


k 4 *l (days) 

T(K) 

lower limit 

upper limit 

200 

2.1 

840 

220 

0054 

5 8 

240 

0.0021 

0 14 

260 

0 00013 

00057 

280 

0 000014 

000029 

300 

0 0000024 

0 000027 
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Abstract 

A laser flash photolysis-long path absorption technique has been employed to study the 
kinetics of the reaction BrO + NO 2 + products as a function of temperature (248-346 K), 
pressure (16 - 800 torr), and buffer gas identity (N 2 .CF 4 ). The reaction is found to be in the 
falloff regime between third and second-order over the entire range of conditions investigated. 
This is the first study where temperature-dependent measurements of k\(P,T) have been 
reported at pressures greater than 12 torr; hence, our results help constrain choices of k\(P, T) 
for use in models of lower stratospheric BrO, chemistry. Approximate falloff parameters in a 
convenient form for atmospheric modeling are derived. C 1993 John Wiley k Son s, Inc 


Introduction 

Despite its relatively low concentration (about 25 pptv) in the stratosphere, 
bromine plays an important role in stratospheric odd oxygen chemistry. 
Due to differences in the rates of formation and destruction of the HX 
reservoir species, under “normal” stratospheric conditions (i.e., unperturbed 
by heterogeneous chemistry) a much larger fraction of bromine is partitioned 
into the “active” form (Br 4 BrO) compared to chlorine. Hence, on a per 
molecule basis, bromine is thought to be 30-120 times more effective than 
chlorine as a catalyst for odd oxygen destruction [1]. The chlorine-to-bromine 
concentration ratio in the stratosphere is currently about 160 [ 1 ]; this ratio 
is expected to drop to about 100 over the next century as anthropogenic 
sources of both halogen species are greatly reduced [1]. 

The most important BrO* reservoir species in the lower stratosphere is 
bromine nitrate, which is formed via the BrO 4* NO 2 association reaction 


(la) BrO 4 NOj 4 M — BrONCb 4 M. 

(lb) — ► other products (?) 


•Present address: EG&G Energy Measurements Division, P.O. Box 1912, MS Al-24, Las 
Vegas, Nevada 89125. 
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In fact, recent model calculations suggest that BrON02 is the dominant BrO* 
species at altitudes below 35 km [2,3]. The calculated partitioning between 
B1ONO2 and BrO, the two most concentrated species, is critically dependent 
on the assumed values for k](P % T). 

Two studies of the kinetics of reaction (1) are reported in the literature. 
Sander et al. [4] employed both discharge flow and flash photolysis tech- 
niques to obtain values for k\(P, 29% K) over the pressure range 1-700 torr 
W2, while Danis et al. [5] employed a laser flash photolysis-time resolved mass 
spectrometry technique to study the temperature dependence of *i (over the 
range 263-343 K) at low total pressures (4-12 torr O2). Where the two 
studies overlapped, i.e., T « 298 K and P « 4-12 torr, the rate coefficients 
reported by Sander et al. [4] are about 25% faster than those reported by 
Danis et al. [5]. 

In this article we present the results of a study where 351 nm laser flash 
photolysis of Br2/N02/N2 (or CF 4 ) mixtures has been coupled with detection 
of BrO by time-resolved long path ultraviolet spectroscopy to study the 
kinetics of reaction (1) over the temperature and pressure ranges 248-346 K 
and 16-800 torr. The motivation for this study is primarily to improve the 
accuracy with which k\(P,T) values can be estimated under atmospheric 
conditions, particularly under the low temperature, high pressure conditions 
of the lower stratosphere. In addition, this study improves somewhat the 
accuracy with which ^..(T), the rate coefficient in the high pressure limit, 
can be estimated. 


Experimental 

The kinetics of reaction (1) were investigated by monitoring the temporal 
behavior of BrO absorbance following 351 nm laser flash photolysis of 
Br2/N02/N2 (or CF 4 ) mixtures. The laser flash photolysis-long path absorp- 
tion apparatus was similar to the one we employed recently to investigate 
the reactions of F and Cl atoms with HNO3 [6] and the reactions of 10 
radicals with NO and NO2 [7], A schematic diagram of the apparatus and 
descriptions of the reaction cell and temperature measurement techniques 
can be found elsewhere [6]. As in the IO kinetics study [7], a 150 watt xenon 
arc lamp was employed as the probe light source. 

The XeF laser photolysis beam was expanded by means of cylindrical lenses 
to be 11-12 cm wide and 2 cm high as it traversed the reactor. The xenon 
arc lamp beam was multipassed through the reactor at right angles to the 
photolysis beam using modified White cell optics [8]; 42 or 46 passes were 
employed, giving absorption path lengths through the photolyzed volume of 
462 or 552 cm. Output radiation from the multipass cell was focused onto 
the entrance slit of a 0.22-m monochromator adjusted to transmit radiation 
at 338.3 nm, the peak of the strong 7-0 band of the BrO A 2 n — X 2 ir transi- 
tion [9]. 

Reflective losses in the multipass system were minimized by using White 
cell mirrors coated for high reflectivity around 338 nm and reaction cell 
windows coated for maximum transmission around 338 nm. As a tradeoff 
between light throughput and resolution, the monochromator slit widths 
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were set at 200 (resolution 0.72 nm FWHM). Radiation exiting the 
monochromator was detected by a photomultiplier (Hamamatsu R928), the 
time-dependent output from which was monitored by a signal averager with 
1.5 /zs time resolution and 10 bit voltage resolution. The results of 32-512 
laser shots were averaged to obtain data with suitable signal-to-noise ratio for 
quantitative kinetic analysis. Digitized voltage vs. time data were transferred 
to a small computer for storage and analysis. 

In order to avoid accumulation of reaction or photolysis products, all 
experiments were carried out under “slow flow” conditions. The linear 
flow rate through the reaction cell was typically 2 cm s’ 1 , and the ex- 
rimer laser repetition rate was 0.2 Hz. Hence, the gas mixture in the 
photolysis zone was replenished between laser shots. Br 2 and NO 2 were 
flowed into the reaction cell from 12-L bulbs containing dilute mixtures 
in nitrogen (Br 2 ) or zero grade air (NO 2 ). Preparation of the NO 2 bulb 
with air as the diluent gas prevented conversion of NO 2 to NO dur- 
ing storage. To prevent reaction of Br 2 with the antireflection coated 
reaction cell windows, a four -port gas input/output system was employed 
[6,7]. The N02/Br2 mixture and 85-90% of the N 2 buffer gas entered 
the reactor through an inner port while the remaining 10-15% of the 
N 2 buffer gas entered the reactor through both outer ports. The gas 
mixture was exhausted through an inner port. The concentration of Br 2 
was determined from the known bulb concentration, measurement of the 
appropriate mass flow rate, and the total pressure. The NO 2 concentra- 
tion was measured in situ in the slow flow system by UV photometry 
using a 216.2 cm long absorption cell plumbed in series with the reac- 
tion cell. Radiation at 326.1 nm emitted by a cadmium penray lamp was 
employed as the light source for NO 2 detection. With the combination 
of the Cd lamp light source and the band-pass filter employed to iso- 
late the 326.1 nm line, we determined the effective NO 2 absorption cross 
section to be (2.89 ± 0.04) x 10“ 19 cm 2 . This value is in reasonable agree- 
ment with the recent measurements of Schneider et al. [10], who report 
a = 2.815 X 10“ 19 cm 2 at 326.0 ± 0.5 nm. The absorption cross section 
for Br 2 at 326.1 nm is about 4.0 x 10“ 2 ° cm 2 [11], which is too low to 
interfere with the photometric determination of the NO 2 concentration. 
UV photometry at 404.7 nm was used to determine the Br 2 concentration 
in each 12-L Br 2 /N 2 bulb used. With the combination of an Hg pen-ray 
lamp light source and a band-pass filter employed to isolate the 404.7 nm 
line, we measured the effective Br 2 absorption cross section to be 5.95 X 
10“ 19 cm 2 . 

The gases used in this study were obtained from Matheson and had the 
following stated minimum purities: N 2 , 99.999%; NO, 99.0%; O 2 , 99.99%; 
and CF 4 , 99.99%. Air was ultra zero grade with total hydrocarbons less 
than 0.1 ppm. The procedures employed to synthesize pure NO 2 from 
the NO + O 2 reaction are described elsewhere [7]. The Br 2 used in this 
study had a stated minimum purity of 99.94% (liquid phase). The Br 2 was 
transferred under nitrogen into a vial fitted with a high-vacuum stopcock 
and then degassed repeatedly at 77 K before being used to prepare Br 2 /N 2 
gas mixtures. 
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Results and Discussion 


The following scheme was employed to generate BrO radicals: 


( 2 ) 

(3) 

(4) 


NO2 + M351 nm) — NO + O 
O + Br2 ■■ ■< BrO + Br 
O + NOi NO + 0 2 


Based on literature values for *3 and *4 [12,13] and the concentrations of 
Br2 and NO2 employed to measure values for k\(P, T) (Table I), it was always 
the case that BrO production was at least 15 times faster than BrO removal, 
and that at least 70% of the photolytically generated oxygen atoms reacted 
with Br 2 to produce BrO. 

For the optical path lengths traversed by the probe beam through the 
reactor (around 13 meters in most experiments) and the NO2 concentrations 
employed (up to 6.31 X 10 15 molecules per cm 3 ), a large fraction of the probe 
radiation was absorbed by NO2. Hence, destruction of NO2 by reactions (2) 
and (4) led to a noticeable difference between the (baseline) signal levels 
before and after the laser Fired in experiments where NO2 was photolyzed 
in the absence of Br2. In the presence of Br2, the magnitude of the rapid 
baseline shift upon firing the laser was reduced due to the occurrence of 
reaction (3) in competition with reaction (4). A majority of the BrO generated 
via reaction (3) decayed by reacting with NO2 to form B1ONO2 while, as will 
be discussed in more detail below, a small fraction decayed by reaction (5), 
a process which regenerates NO2. 

(5) BrO + NO Br + N0 2 

Based on reported 338.3 nm absorption cross sections for BrO [9], N0 2 [10], 
and B1ONO2 [14], it appears that absorption of analytical light by B1ONO2 
was negligible, i.e., the B1ONO2 absorption cross section is a factor of 4 
smaller than the NO2 absorption cross section and more than a factor of 
100 smaller than the BrO absorption cross section. Furthermore, Sander 
and Watson [15] have shown that if an elementary reaction results in an 
absorbance change due to removal of an absorbing excess reagent and/or 
formation of an absorbing product, the correct decay rate is obtained from 
the first-order decay of the overall absorbance by using the signal level at 
t — 00 as the baseline. All of our kinetic data were analyzed in this manner. 
As typified by the data in Figure 1, the observed transmission after BrO had 
decayed away was found to be slightly lower than the transmission before the 
laser fired; this implies either that the B1ONO2 absorption cross section at 
338.3 nm is larger than reported in the literature, or that another species is 
formed whose absorbance more than offsets the increased transmission due 
to NO2 removal. A likely explanation for the lower than expected postdecay 
transmission is production of BrN02 via the reaction of atomic bromine 
with NO2. 

(6) Br + NO2 + M BrN0 2 + M 
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TABLE I. Summary of kinetic data for the reaction BrO + NO 2 + N 2 products. 


Concentrations 1 Ai >,c 

no. of 


r* 

N, 

Br 2 

no 2 

ino 2 i/ioi„ 

expts b 

Range of k' 

Uncorrected 

Corrected 4 

248 

622 

46 

086 

- 

4.20 

700-800 

6 

503-2230 

6.32 


.16 

4.88 ± .18 

248 

1660 

66 

093 

- 

4.07 

730-980 

7 

999-4160 

9.88 


.71 

9.54 ± .69 

249 

3880 

7.6 

1 66 

- 

4 52 

740-950 

9 

3000-8500 

19.7 


1.4 

19 3 ± 1.4 

253 

11400 

12. 

059 

- 

3.47 

350-410 

6 

1920-11800 

33.9 


12 

33.2 ± 1.1 

266 

24100 

7.8 

065 

- 

2 90 

420-540 

7 

2520-12400 

42 1 

+ 

4 1 

41.5 ± 4.1 

267 

679 

7.2 

094 

- 

5.48 

810-900 

6 

373-2130 

388 

+ 

.21 

3.54 ± .22 

268 

1440 

6.4 

088 

- 

362 

920-1100 

5 

353-2630 

7 44 


.63 

7.17 ± 51 

268 

3610 

6.6 

084 

- 

3.73 

370-1200 

7 

1220-5870 

14.7 


1.7 

14.2 ± 15 

268 

10800 

6.2 

0 74 

- 

3.84 

520-720 

5 

1810-10850 

28.2 


11 

27.7 ± 1.0 

268 

23100 

6.2 

049 

- 

2 12 

390-580 

6 

1680-8600 

40.8 


2.6 

40.1 ± 2 6 

298 

518 

8.1 

042 

- 

2.73 

650-1200 

8 

137-754 

266 


.26 

2.40 ± .22 

298 

1300 

7.9 

062 

- 

5.22 

560-1240 

11 

306-2840 

6.39 


.29 

5.13 ± .23 

298 

3240 

96 

1 84 

- 

4 41 

230-1120 

11 

1850-4340 

976 


.78 

9.16 ± .58 

298 

9720 

6.0 

023 

- 

3 30 

260-860 

8 

559-6460 

19.6 


.66 

18.8 ± .79 

298 

20700 

5.0 

031 

- 

1.90 

280-1230 

10 

808-5940 

30.0 


3.0 

29.3 ± 2 8 

345 

448 

8 1 

1 92 

- 

4 40 

1040-1200 

5 

350-761 

1 66 

+ 

.16 

1.48 ± .14 

347 

1110 

8.9 

093 

- 

5 45 

240-1380 

14 

353-2020 

3.17 

Hh 

.41 

2.72 ± .26 

345 

2800 

90 

073 

- 

631 

670-660 

6 

375-3410 

5.50 

4 - 

.28 

5 12 ± .26 

345 

8400 

60 

1 04 

- 

4 44 

610-580 

6 

1040-5150 

11.4 

+ 

.85 

11.0 ± 83 

346 

17900 

59 

0 78 

- 

3.39 

370-400 

6 

1370-5630 

169 


1.3 

16 2 ± 14 

346 

22300 

62 

0 70 

- 

341 

350-460 

6 

1350-6760 

20.6 


18 

20 1 ± 1.7 


•Unit* are: T,K\ concentration, 10 15 molecules per cm 3 ; k', a -1 ; k |, 10 13 cm 3 molecule 1 s *. 
b Experiment — measurement of one BrO temporal profile. 
c Errors are 2 cr and represent precision only. 
d Corrected for contributions from the BrO + NO reaction. 
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Figure 1. Typicai absorbance temporal profile. Experimental conditions: 7 - 298 AT ; 
P - 40 torr N 2 ; 1.59 x 10 15 NO 2 per cm 3 ; 8.73 X 10 15 Br 2 per cm 3 ; electromc time 
constant - 16 /xs; and 225 laser shots averaged Note that the transmitted light level 
after absorbance has decayed away is lower than the pretrigger transmitted light level 
by 0.00048 volts, the equivalent of 0.041% absorption. 


In our experiments, bromine atoms were generated via reactions (3) and (5), 
and also via 351 nm photolysis of Br 2 . In fact, under typical experimental 
conditions, bromine atoms were in about three-fold excess over BrO. Values 
for kt(P y T) over the pressure and temperature range of this study are 
reported in the literature [16], but the BrNC >2 absorption spectrum is 
unknown. The possible systematic error resulting from BrN02 absorption 
will be discussed below after the kinetic data are presented. It is worth 
pointing out that the Br-to-BrO concentration ratio could have been reduced 
somewhat by employing 308 nm as the photolysis wavelength, i.e., XeCl 
laser rather than XeF laser. However, the excimer laser available for this 
study had been used for many years exclusively at fluoride wavelengths 
and, as a result, could not be passivated for operation with chloride gas 
mixtures. 

To ensure that we were detecting the BrO radical, the spectrum of the 
absorbing species was mapped out over the wavelength range 333-339 nm. 
As expected [9], the 8-0 and 7-0 bands of BrO were clearly observed. The 
apparent BrO absorption cross section at the peak of the 7-0 band was 
estimated based on the measured laser fluence, the measured NO 2 and Br 2 
concentrations, and the known rate coefficients for reactions (3) and (4) 
[12,13]. An absorption cross section of (1.4 ± 0.4) X 10“ 17 cm 2 was obtained 
(at 0.72 nm resolution). This agrees very well with the literature value of 
(1.55 ± 0.15) x 10" 17 cm 2 at 0.4 nm resolution [9]. 

Reaction mixtures employed to study reaction (1) contained 0.007-0.226 
torr NO 2 , 0.116-0.322 torr Br 2 , and 16-800 torr N 2 or CF 4 buffer gas. As 
mentioned above, a small amount of O 2 was also present in the reaction 
mixture because the NO 2 storage bulb contained air rather than N 2 as the 
diluent gas, typically, [O 2 ] ca. 10 [NO 2 ]. Concentrations of BrO radicals gen- 
erated via reactions (2) and (3) were in the range (0.4-8. 5) x 10 12 molecules 
per cm 3 ; these concentrations were sufficiently low that contributions from 
the BrO self reaction were negligible. In all experiments, BrO removal was 
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dominated by reaction (1), but also had small contributions from reactions 
(5) and (7). 

(7) BrO ► loss by reaction with background impurities and 

diffusion or flow out of the detector field of view. 

Under the assumption that all processes contributing to BrO removal are 
first order or pseudo-first-order, the data can be analyzed using the following 
relationship: 

(I) In {[BrO], //[BrO],} « ln[ln(5,//5,«)/ln(5,/5,«)] 

- OtitNCh] + * 5 [NO] + *?)* “ k't 

f + 

In eq. (I), t' represents a time shortly after the laser fires when BrO 
production is complete but little or no BrO decay has occurred, t" represents 
a time after BrO removal has gone to completion but before N0 2 , BrON0 2 , 
and BrN02 diffuse or flow into or out of the detection volume, and 5, 
represents the signal level at time t. The bimolecular rate coefficients of 
interest, *i([Af], 7*), are determined from the slopes of vs. [NO 2 ] plots 
where is the measured pseudo-first-order decay rate, k\ corrected for 
the contribution from flash-generated NO: 

(II) Cr - - *s[NO]/ 

In eq. (II), [NO]/ is the concentration of flash-generated NO; the method 
used to determine [NO]/ is described below. Observation of BrO temporal 
profiles that are exponential (i.e., obey eq. (I)) and a linear dependence of k ' 
on [NO 2 ] strongly suggests that reactions (1), (5), and (7) are, indeed, the 
only processes significantly contributing to BrO removal. 

As mentioned above, all measured BrO pseudo-first-order decay rates 
were corrected for contribution from reaction of BrO with flash -generated 
NO using eq. (II). Values for [NO]/ were determined from the peak BrO 
absorption signals using the following relationships: 

(III) [BrO],/ - ln(S,ySr*)MA,r)l 

(IV) [O]o - [BrO],/// 

(V) / * * 3 [Br 2 ]/(* 3 [Br 2 ] + )U[N0 2 ]) 

(VI) [NO]/«(2-/)[0]o 

In the above equations <r( A, T) is the BrO absorption cross section (estimated 
at each temperature based on the results presented in ref. [9]), 1 is the 
absorption pathlength through the region photolyzed by the laser beam, and 
[O]o is the oxygen atom concentration immediately after the laser fired. At 
298 K , the ratio ^[NO]//*' decreased from about 0.12 at P « 16 torr to 
about 0.02 at P — 640 torr. 

In making the correction for the reaction of BrO with flash-generated 
NO, it was assumed that the NO concentration was time-independent 
over the course of the BrO decay. Computer simulations of representative 
experiments indicated that the ratio [NO]//[NO],« never exceeded 1.1 in 
any experiment. Hence, errors in evaluation of corrected pseudo-first-order 
BrO decay rates resulting from the approximation that [NO] was time- 
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independent never exceed 1%, and errors in evaluation of bimolecular rate 
coefficients, i.e., k\([M ], T ), resulting from this approximation never exceeded 
a few tenths of a percent. 

In order to evaluate the magnitude of *7, experiments were conducted 
where BrO removal was monitored following 351 nm laser flash photolysis 
of Br 2 /03/N 2 mixtures. 

(8) Br 2 4* /n/(351 nm) ■ * 2Br 

(9) Br 4 O3 * BrO 4 O2 

(7) BrO — > loss by reaction with background impurities 

diffusion or flow out of the detector field of view 

Experiments were carried out using the lowest detectable BrO concentrations 
to minimize contributions to BrO removal from the self reaction. At all 
pressures and temperatures relevant to this study, we found that *7 < 3 s“ J . 
Observed intercepts of k ^ vs. [N0 2 ] plots also suggest a very small value for 
*7; averaging the intercepts observed from experiments at all temperatures 
and pressures gives *7 = 9 ± 140 s” 1 , where the uncertainty represents two 
standard deviations of the average. 

As typified by the data in Figures 2-4, well-behaved pseudo-first-order 
kinetics were observed in all experiments, i.e., BrO decays were exponential 
and decay rates increased linearly as a function of [N0 2 ]. The data in 
Figure 4 demonstrate, as expected, that the bimolecular rate coefficient, 
k\([M],T), increases with increasing pressure. Measured bimolecular rate 
coefficients are summarized along with other pertinent information in 
Tables I and II. Uncertainties in T) given in the tables are 2a 

and represent precision only. Small systematic errors are possible in the 



Figure 2. Typical plots of log (absorbance) vs. time obtained assuming that the postde- 
cay transmitted light level is the correct baseline. Experimental conditions. T - 298 K\ 
P - 40 torr N 2 ; [Br2l in units of 10 15 molecules cm” 3 (a) 6.7, (b) 8.7, (c) 6.8, and 
(d) 8.4; rNCh) in units of 10 16 molecules cm” 3 — (a) 0.62, (b) 1.59, (c) 2.70, and (d) 5.22; 
and number of laser shots averaged - (a) 128, (b) 225, (c) 128, and (d) 200. Solid lines are 
obtained from least-squares analyses and give the following pseudo- first -order decay rates 
in units of s” 1 ; (a) 306, (b) 878, (c) 1520, and (d) 2840. For the sake of clarity, temporal 
profiles are shifted on the absorbance scale, peak base e absorbances are (a) 0.0060, 
(b) 0.0082, (c) 0.020, and (d) 0.010. Note that trace (b) is obtained from the data shown 
in Figure 1. 
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[NOj] (10 15 molecules cm' 5 ) 

Figure 3. Typical plots of k' and k ^ vs. rN02l- Experimental conditions: T - 298 K, 
P = 40 torr N 2 . Open circles are uncorrected for BrO reaction with flash generated 
NO, while filled circles are corrected for this reaction. Lines are obtained from linear 
least-squares analyses Their slopes give the uncorrected (dashed line) and corrected 
(solid line) rate coefficients shown in the figure (units are cm 3 molecule" 1 s" 1 ). 


NO2 concentration determination, in the correction for reaction with flash- 
generated NO, and because of contributions to the absorbance signal from 
species other than BrO, NO2, and B1ONO2 (the potential magnitude of 
errors resulting from BrN02 absorption is considered below). We estimate 
the accuracy of any measured rate coefficient, T), to be ± 20 7 c { 2 cr). 

Our kinetics studies of reaction ( 1 ) were restricted to T ^ 248 K because, 
for the range of NO2 concentrations employed, dimerization becomes a signif- 
icant problem at lower temperatures [ 17 ]. At the low temperature extreme of 
our study, a small fraction of NO2 existed as the dimer ([NO2] ^ 6.7 [N 2 0 4 ] 
in all experiments). Under experimental conditions where N2O4 levels were 
significant, i.e., low temperature (where the NO2 ~ N2O4 equilibrium is 



[N0j]( 10 15 molecules cm’ 5 ) 

Figure 4. Plots of k ^ vs. [NO 2 ] for data obtained at T • 267- 268 K in N 2 buffer 
gas So Lid lines are obtained from linear least-squares analyses and give the following 
bimolecular rate coefficients in units of 10" 13 cm 3 molecule" 1 s" 1 : 3.54 Z 0.22 at 16 torr; 
14.2 z 1.5 at 100 torr; and 40.1 z 2.6 at 640 torr (errors are 2a, precision only). 
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Table II. Summary of kinetic data for the reaction BrO + NO? + CF< products at T -* 298 K. 



Concentrations* 


|NO 2 l/|Ol0 

no. of 
expts h 

Range of A'* 



CF, 

Bra 

no 2 

Uncorrected 

Coirected d 

518 

4.5 

1.10-3.35 

630-910 

6 

419-1200 

3.52 ± 0 44 

3 24 ± 0 38 

1300 

4 9 

1.01-497 

880-1000 

6 

634-3590 

6 91 ± 0.70 

6 64 ± 0 69 

3240 

8.8 

1.30-548 

330-880 

6 

1580-6890 

12.2 ± 0 78 

11.9 ±0 67 

9720 

3.1 

1.03-323 

590-600 

5 

2560-7840 

24 6 ± 16 

24.1 ± 16 

20700 

3.8 

1 00-402 

440-460 

5 

3660-15,900 

40.1 ± 2 6 

39 4 ± 2 5 


•Unit* are: concentration, 10 15 molecules per cm 3 ; k\ a -1 ; k\, 10~ 13 cm 3 molecule 1 s 1 
h Experiment — measurement of one BrO temporal profile. 
c Errors are 2 a and represent precision only. 
d Corrected for contributions from the BrO + NO reaction. 
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shifted toward N 2 O 4 ) and low pressure (where higher concentrations of NO 2 
are employed due to the slower BrO + NO 2 rate coefficient), a potential 
interference could result from the reaction 

(10) BrO + N 2 0 4 — B 1 ONO 2 + N0 2 

A plot of k' vs. [NO 2 ] for our data at T ■= 248 K> P *= 16 torr is shown in 
Figure 5. A linear dependence of k ' on [NO 2 I is observed; the slope gives 
an apparent BrO + N0 2 rate coefficient of 4.83 X 10 " 13 cm 3 molecule " 1 
s ” 1 and a reasonable intercept of 34 ± 36 s " 1 (uncertainty is 2 cr, precision 
only). If we assume that *10 ■= 1.0 X 10 " 12 cm 3 molecule " 1 s" 1 , then a 
simulated k' vs. [NO 2 ] plot with a slope of 4.83 X 10 " 13 cm 3 molecule " 1 
s " 1 can be obtained by assuming a value of 3.01 x 10 " 13 cm 3 molecule " 1 
s " 1 for k] (248 K , 16 torr N 2 ). However, the simulated k' vs. [NO 2 I plot 
differs from the experimental plot in two important ways (see Fig. 5). First, 
the simulated plot is not as linear as the experimental plot, i.e., it displays a 
small but distinct upward curvature. Secondly, the intercept of the simulated 
plot is distinctly negative, i.e., - 184 ± 96 s " 1 (uncertainty is 2 cr, precision 
only). The observed positive intercept of the k' vs. [NO 2 ] plot for data 
obtained at the lowest temperature and pressure of our study strongly 
suggests that reaction ( 10 ) did not contribute significantly to BrO removal 
over the range of experimental conditions employed. Therefore, analysis of 
all low temperature data employed the good approximation that fciotN^O^ 

« *i[N0 2 ]. 

As mentioned above, one potential source of systematic error in our data 
analysis procedure results from the fact that a species other than BrO, NO 2 , 
and BrON0 2 appears to absorb probe radiation at 338.3 nm. The probable 
absorbing species is BrN 02 , produced via reaction ( 6 ). The kinetics of 
reaction ( 6 ) as a function of temperature and pressure are well characterized 
[16). The bimolecular rate coefficients k x and k^ are similar in magnitude but 



Figure 5. Plot* of h' v*. [NC^l for (a) experimental data at T - 248 K, P - 16 torr 
and fb) a simulation with k j assumed equal to 3.01 X 10" 12 cm 3 molecule” 1 a” 1 and k\ 0 
assumed equal to 1.0 x 10” 12 cm 3 molecule” 1 a” 1 . Note the significant nonlinearity in 
the simulated k‘ vs. ("NO 2 ] data. Lines are obtained from linear least-squares analyses and 
give equal slopes (4.83 X 10" 12 cm 3 molecule” 1 s” 1 ) but significantly different intercepts. 
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have somewhat different temperature and pressure dependences. Over the 
range of temperatures and pressures employed in this study, the ratio k\/kt 
varies from 1.4 in the low P y low T extreme (16 torr, 248 K) to 0.4 in the 
high P , high T extreme (800 torr, 346 K). As discussed above, the kinetic 
data reported in Tables I and II were obtained based on an analysis which 
assumed a time- independent baseline equal to Sr, the postdecay signal level. 
The assumption that all absorbance not due to BrO, NO 2 , or B 1 ONO 2 is 
attributable to BrN 02 leads to a time-dependent baseline which, since the 
time constant for baseline change is different from the time constant for BrO 
attenuation, should be accounted for in the data analysis [15]. To address 
this problem, we have reanalyzed the 346 K , 640 torr, and 248 K , 16 ton- 
data sets using a time-dependent baseline calculated from our kinetic data 
for reaction (6) [16] under the assumptions that (a) all absorbance at t *= t" 
not attributable to BrO, N0 2 , or B 1 ONO 2 , is due to BrN0 2 , and (b) removal 
of BrN 02 via reaction (11) is negligible on the time scale of interest. 

(11) Br + BrN0 2 * Br 2 + N0 2 

The results of a typical reanalysis are summarized in Figures 6 and 7. 
Individual pseudo-first-order decay rates computed using the time-dependent 
baseline differ from those computed using the time-independent baseline by 
2-6% with the largest differences coming at the lowest N0 2 concentrations. 
Bimolecular rate coefficients obtained using the two methods of analysis 
differ by less than 2% in the high pressure, high temperature case (the 
more exact analysis gives a slightly higher rate coefficient), and by less 
than 57c in the low pressure, low temperature case (the more exact analysis 
gives a slightly lower rate coefficient). Because the errors associated with 
neglecting the time-dependent baseline are small and identification of the 
fourth absorbing species as BrN0 2 is somewhat tenuous, we have chosen 
to report rate coefficients obtained using the less exact time-independent 
baseline analysis. The above-mentioned accuracy estimate of ±20 7c for 
individual values of k\([M], T) includes possible systematic errors due to 
the time-independent baseline assumption. It is worth noting that a small 
systematic error in the shape of reported fall off curves probably results 
from the time-independent baseline assumption, because high pressure rate 
coefficients are expected to be slightly underestimated while low pressure 
rate coefficients are expected to be slightly overestimated. 

Our results demonstrate that reaction (1) is in the “falloff” regime between 
third- and second-order kinetics over the temperature and pressure ranges 
investigated. Troe and co-workers [18-21] have shown that bimolecular rate 
coefficient vs. pressure curves (i.e., falloff curves) for association reactions 
can be approximated by the three- parameter equation 

(VII) kAAfl T) - k^(T)F LH F([Ml T) 

where F L h is the Lindemann-Hinshelwood factor. 

(VIII) F lh - X/(\ + X) 

(IX) X - * f , 0 ([Afl T) [M]/k i% *(T) 

In the above equations, *,.o([Af]» T) is the rate coefficient for reaction (i) in 
the low-pressure-third-order limit, k lt *(T) is the rate coefficient for reaction 
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Figure 6. Solid circles are experimental transmitted 338.3 nm probe intensity vs. time 
data for an experiment at T * 346 K, P — 640 to it N 2 with fN02l " 7.75 X 10 14 
molecules cm" 3 , and [Br 2 ] * 6.7 x 10 15 molec lies cm" 3 . The dashed line is the expected 
“baseline” transmitted probe intensity assuming that BrN02 is transparent at 338.3 nm. 
The 9olid line is calculated assuming that the difference between the postdecay experi- 
mental signal level and the postdecay dashed line level can be attributed to absorption 
by BrN 02 ; the BrN 02 absorption cross section required to account for the difference is 
1.14 x 10" 18 cm 2 . 


(i) in the high-pressure-second-order limit, and F([M], T) is the parameter 
which characterizes the broadening of the fallofT curve due to the energy 
dependence of the rate coefficient for decomposition of the energized adduct. 
F([M],T) can be calculated from the spectroscopic and thermodynamic 
properties of the adduct. 

For parameterization of the temperature and pressure dependences of at- 
mospheric association reactions, the following approximate form for F([A/], T) 



Figure 7. Plots of log (absorbance) vs. time for the data shown in Figure 6. In trace 
(a), the baseline is assumed to be time-independent and equal to the postdecay value of 
the solid line in Figure 6. In trace Cb) the baseline (B) is assumed to be time-dependent 
with B(t) given by the solid line in Figure 6. Solid lines are obtained from least-squares 
analyses and give the following pseudo- first-order decay rates in units of s" 1 : (a) 1290 
and Cb) 1360. 


95 


534 


THORN, DAYKIN, AND WINE 


is typically employed [13,22]: 

(X) F([Af], T) - F C (M, 

In eq. (X), F c (M y T) is the broadening parameter at the center of the falloff 
curve, i.e., when * lf0 [Af] * The NASA panel for data evaluation assumes 
F c (N 2 , T) * 0.6 for all reactions at all temperatures [13]. On the other hand, 
the IUPAC subcommittee on gas kinetic data evaluation for atmospheric 
chemistry employs F c values which are both reaction and temperature 
dependent. For reaction (1) the IUPAC panel recommends F C (N2,7') -= 
exp(-7y327) [22]; the recommended value at 298 K , F c = 0.402, is based on 
the detailed analysis of Sander et al [4]. We have fit our data to eqs. (VII) and 
(X) using both F c ( N 2 ,7) = 0.6 and F C (N 2 ,7) * exp(-7/327). Corresponding 
values for F c {CF iy T) were computed from the relationship [18] 

F f (CF 4 ,298 K) f *;,q(CF 4 ,298 K)Z u (N 2 ,29S X) ] 0 ' 4 
F c (N 2 , 298 K) "L */. 0 (N 2 . 298 K) Z u { CF 4 . 298 K) J 

In eq. (XI), 298 K) is the Lennard-Jones collision frequency for 

BrON0 2 — M encounters; it is calculated using a relationship and Lennard- 
Jones parameters given elsewhere [23]. 

Experimental data along with best fit (to our data only) fall off curves for 
M = N 2 at 298 K are shown in Figure 8 while experimental data along with 
best fit (to our data only) falloff curves for M = N 2 at 268 K and 346 K are 
shown in Figure 9. Rate coefficients reported in the two previous studies 
of BrO + N0 2 kinetics [4,5] are also plotted in Figures 8 and 9. The fits 
for the two different choices of F c are virtually indistinguishable over the 
range of pressures where our data were obtained although, as expected, 
values for k\ % *(T) obtained using the two different F c parameterizations 
differ considerably; the k\ t *(T) values obtained using F c * cxp(-7/327) are 



Figure 8. Falloff curve for the reaction BrO + NO 2 + N 2 — products at 298 K. Closed 
circles are rate coefficients reported in this article; open squares are rate coefficients 
reported by Sander et al. (4); open circles are rate coefficients reported by Danis et al. [5]. 
Solid line is the best fit of our data only to eqs. VII and X with F c « cxp(-T/327) - 0.402. 
Dashed line is the best fit of our data only to eqs VII and X with F e ■ 0.6. Best fit values 
for * 1.0 and *],« are given in Table III. 
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Figure 9. FallofT curves for the reaction BrO + NO 2 + N 2 — products at 268 A and 
346 A. Closed squares and circles are rate coefficients reported in this article at 268 A 
and 346 A, respectively; open squares and circles are rate coefficients reported by Danis 
et al. [5] at 263 A and 343 A, respectively. Solid lines are the best fits of our data only 
to eqs. VII and X with F c - exp(-77327). Dashed lines are the best fits of our data only 
to eqs. VII and X with F c - 0.6. Best fit values for k\, 0 and *i t « are given in Table III. 

undoubtedly closer to the real high pressure limit rate coefficients because (a) 
F c is expected to be temperature dependent [18-21] and (b) the 298 K value 
exp(-298/327) *= 0.402 is supported by the experimental and theoretical 
results of Sander et al. [4]. Best fit falloff parameters are summarized in 
Table III. 

Examination of Figure 8 shows that our 298 K results agree very well 
with the extensive 298 K study of Sander et al. [4], who used two different 
experimental techniques (one of which was very similar to ours) to measure 
^1 ([N 2 ], 298 K ) over the pressure range 1-700 torr. On the other hand, 
as shown in Figures 7 and 8, the low pressure rate coefficients reported 
by Danis et al. [5] in O 2 buffer gas are lower than our (extrapolated) low 
pressure rate coefficients by about 25%. It has now been established that 
the lower rate coefficients reported by Danis et al. can be attributed to 
heterogeneous loss of NO 2 in their slow flow system [24]. Hence, it appears 
that values of k\(P,T) for use in stratospheric models should be based on 
our results and the 298 K results of Sander et al. [4]. This approach leads 


Table III. Summary of “best fit" falloff parameters for reaction (l). 1 


T 

M 


F c - 0.6 b 

F e - 

exp(-f/327) b 

*1.0 

turn 

*1.0 


252 2 4 

N 2 

9.9 

10.9 

10.1 

17.4 

268 

Nj 

7.3 

10.5 

7.6 

18.5 

298 

Nj 

5.5 

7.6 

5.7 

15.6 


CF« b 

7.2 

9.0 

7.6 

18.2 

346 i 1 

n 2 

3.6 

4.7 

3.7 

12.7 


• Units are: 7*. A; Aj, 0 . 10 -31 cm 6 molecule -2 »“ l ; k\ m , 10 -12 cm 3 molecule -1 s -1 . 
b These F c values are for N 2 ; F c (CF 4 ) » 1.056 F e ( N 2 ). 
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to the following two sets of recommended falloff parameters (* 1.0 values are 
for N 2 buffer gas): 

I. F c «= 0.6 

*1,0 *= 5.2 X 10“ 31 (I/300)‘ 3 - 2 cm 6 molecule -2 s" 1 
* 6.9 x 10" 12 (77300)" 29 cm 3 molecule" 1 s" 1 

II. F c *= exp(-7/327) 

*i,o *= 5.4 x 10" 31 (r/300)" 32 cm 6 molecule" 2 s" 1 

*i t * * 1.4 X 10 " 11 ( r / 300)" 12 cm 3 molecule" 1 s" 1 
Either of the above sets of falloff parameters can be employed to accurately 
compute k]{P,T) over the range of temperatures and pressures relevant to 
the atmosphere. However, it should be kept in mind that the values for 
* 1,0 and *i,« given above are parameters which only approximate the actual 
low- and high -pressure-limit rate coefficients. Because data are available 
near the low pressure limit, and because derived values for k\ t0 are only 
weakly dependent on the choice of F c , we expect that the reported k^ Q values 
are within ±20% of the actual low pressure limit rate coefficient. On the 
other hand, because data are not available near the high pressure limit, and 
because derived values for *i,« are strongly dependent on the choice of F C1 
the uncertainty in the actual high pressure limit rate coefficient is rather 
high, i.e., at least a factor of two. If accurate values for F([M\ T) could 
be calculated from available spectroscopic and thermodynamic information 
about B 1 ONO 2 , then a reasonably accurate value for *i,« could be obtained 
by extrapolation of available kinetic data. However, for reasons discussed 
below, available structural and thermodynamic information for ADNO 2 
species must be viewed with skepticism. Measurements of k\(P % T) up to very 
high pressures, i.e., tens of atmospheres, would provide the data needed for 
accurate evaluation of *i,« (and F c ). 

One interesting aspect of reaction (1) is the magnitude of the low-pressure- 
limit termolecular rate coefficient. Theoretical values of * 1,0 have been 
calculated using RRKM theory [5] and the factorized expression of Troe 
[5,23]; theoretical values for *i,o are slightly lower than experimental low 
pressure rate coefficients; for typical N 2 collisional efficiency factors of 
0.1 to 0.3, this means that theoretical * 1,0 values are about a factor of 
five too low to be consistent with experiment. As pointed out by DeMore, 
et al. [25], “Even though isomer formation seems to have been ruled out 
for the CIO + NO 2 reaction (i.e., the isomer stability is too low to make 
a significant contribution to the measured rate constant), this does not 
eliminate the possibility that BrO + NO 2 leads to more than one stable 
compound. In fact, if the measured low pressure limit rate constant for 
BrO + NO 2 is accepted, it can only be theoretically reconciled with a single 
isomer, B 1 ONO 2 , which would have a 6-7 kcal mol" 1 stronger bond than 
CIONO 2 ! This would fix the heat of formation of Br0N02 to be the same 
as CIONO 2 , an unlikely possibility." Interestingly, a similar situation exists 
when comparing the measured low-pressure-limit rate coefficient for the 
10 + NO 2 reaction [7], with those for CIO + NO 2 and BrO + NO 2 . Clearly, 
the thermochemistry of XONO 2 (X — Br, I) requires further investigation, as 
does the possible formation of isomers such as O^W02, -JfOONO, or OXONO. 
Regarding XONO 2 thermochemistry, we have recently become aware of 
a theoretical study which suggests a higher than expected value for the 
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B 1 ONO 2 bond dissociation energy [24]; the higher bond dissociation energy, 
if correct, would lead to good consistency between calculated k\^(T) values 
and experimental low pressure rate coefficients [24]. 
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Temperature-Dependent Kinetics Studies of the Reactions Br^Pj/j) + H 2 S SH + HBr 
and Br( 2 P, /2 ) + CHjSH *-* CH s S + HBr. Heats of Formation of SH and CH 3 S Radicals 

J. M. Nicovich, K. D. Kretmcr, C. A. nui Dijk, and P. H. Wine* 

Physical Sciences Laboraxory, Georgia Tech Research Institute, Georgia Institute of Technology , Atlanta, 
Georgia 30332 (Received: August 5, 1991) 


Time-resolved resonince fluorescence detection of Br( J P J/2 ) item disappearance or appearance following 266-nm laser flash 
photolysis of CFjBrj/HjS/Hj/N* CFjBrj/CH^H/Hi/Nj, Cl 3 CO/H,S/HBr/N 2 , and CHjSSCHj/HBr/Hj/Nj mixtures 
has been employed to study the kinetics of the reactions Br( 2 P J/2 ) + HjS s SH + HBr (1, -1) and Br( 2 P 3/2 ) + CH>SH 
= CHjS + HBr (2, -2) as a function of temperature over the range 273-43 IK. Arrhenius expressions in units of 1CT 12 
cm 3 molecule' 1 s' 1 which describe the results are k, * (14.2 ± 34) exp[(— 2752 ± 90)/ 71 , k., ■ (4.40 ± 0.92) exp[(-971 
± 73)/7"), k 2 * (9.24 ± 1.15) exp[(-386 ± 41 )/71, and k- 2 ■ (1.46 ± 0.21) exp [(-399 ± 41)/7], errors are 2e and r e pre s ent 
precision only. By examining Br( 2 P 3 y 2 ) equilibration kinetia following 355-nm laser flash photolysis of Brj/CHjSH/Hj/Nj 
mixtures, a 298 K rate coefficient or (1.7 ± 0.5) x 1(T 10 cm 3 molecule" 1 s' 1 has been obtained for the reaction CH 3 S 4 Br 2 
— CHjSBr 4 Br. To our knowledge, these are the first kinetic data reported for each of the reactions studied Measured 
rate coefficients, along with known rate coefficients for similar radical 4 HjS, CHjSH. HBr, Br 2 reactions art considered 
in terms of possible correlations of reactivity with reaction thermochemistry and with IP - EA, the difference between the 
ionization potential of the electron donor and the electron affinity of the electron acceptor Both thermochemical and 
charge-transfer effects appear to be important in controlling observed reactivities Second and third law analyses of the 
equilibrium dan for reactions 1 and 2 have been employed to obtain the following enthalpies of reaction in units of kcal 
mol' 1 : for reaction 1, LH m ■ 3.64 ± 0.43 and A/f 0 * 3.26 ± 0.45; for reaction 2, m "O ld ± 0.28 and A/f 0 ■ -0 65 
± 0.36. Combining the above enthalpies of reaction with the well-known beau of formation of Br, HBr, H*S, and CH^SH 
gives the following beats of formation for the RS radicals in units of kcal moT 1 : A// f VSH) ■ 34.07 ± 0.72, Ai/f^fSH) 
« 34.18 ± 0.68, A/f r *o(CH 3 S) ■ 31.44 ± 0.54, A// r # M (CH>S) * 29.78 ± 0.44; enors are 2* and represent estimates of 
absolute accuracy. The SH heat of formation determined from our dau agrees well with literature values but has reduced 
error limits compared to other available values. The CH>S heat of formation determined from our data is near the low end 
of the range of previous estimates and is 3-4 kcal moT 1 lower than values derived from recent molecular beam pboiofragmenution 
studies. 


latrodoctioe 

Accurate thermochemical information for free -radical inter- 
mediates is essential to analysis of reaction mechanisms in complex 
chemical systems. One experimental approach which can be 
employed to obtain thermochemical parameters for a radical R 
involves measurement of temperature-dependent rate coefficients 
for the pair of reactions RH + R' *• RH ♦ R, the ideal reaction 
pair for such a study is one where the heats of formation and 
absolute entropies of R\ RH, and RH are well characterized and 
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where kinetic dau for the two reactions can be obtained over the 
same temperature range. 

In this paper we report the results of temperature-dependent 
kinetics studies of the following four reactions; 

bK’Pj/j) + HjS — SH + HBr (1) 

SH + HBr — Br{ : Pj/j) + HjS (-1) 

Brf’Pj/j) + CHjSH - CHjS + HBr (2) 

CHjS + HBr - Br( J Pj/j) + CHjSH (-2) 

C 1992 American Chemical Society 
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Heats of Formation of SH and CH 3 S Radicals 

The kinetic results have been employed to derive the most precise 
(and hopefully the most accurate) values currently available for 
the heats of formation of SH and CH 3 S, two radicals which are 
important intermediates in the oxidation of a number of atmos- 
phene reduced sulfur compounds including H : S, CH 3 SH, 
CH 3 SCH 3 , and CH 3 SSCH 3 . IJ To our knowledge there are no 
kinetics studies of any of the reactions 1 . —1 , 2, and -2 reported 
in the literature. 

Experimental Technique 

The experimental approach involved coupling ret cunt radical 
(U^ Br, SH, CHjS) production by laser flash photolysis of suitable 
precursors with time-resolved detection of ground sute bromine 
atom disappearance or appearance by resonance fluorescence 
spectroscopy. A schema be diagram of the apparatus, as configured 
for bromine atom detection, can be found elsewhere. 1 2 3 A de- 
scription of the experimenu! methodology is given below. 

A Pyrex-jacketed reaction cell with an internal volume of 150 
cm 3 was used in all experiments; a diagram showing the geometry 
of the reaction cell is published elsewhere. 4 * The cell was 
mainuined at a constant temperature by circulating ethylene 
glycol (T > 298 K) or methanol (T < 298 K) from a thermo- 
sutically controlled bath through the outer jacket. A copper- 
constanun thermocouple with a suinle&s steel jacket was inserted 
into the reaction zone through a vacuum seal, thus allowing 
measurement of the gas tempenture under the precise pressure 
and flow rate conditions of the experiment. 

The reacunt radicals Br, SH, and CH 3 S were generated by 
266-nm laser flash photolysis of CF 2 Br 2 , CljCO/H^S, and 
CH 3 SSCH 3 , respectively. In a few experiments Br atoms were 
generated by 355-nm laser flash photolysis of Br 2 . Third (355 
nm) or fourth (266 nm) harmonic radiation from a Quanta Ray 
Model DCR-2 Nd:YAG laser provided the pbotolytic radiation. 
The User could deliver up to 3 x 10 6 photons per pulse at 266 
nm and up to 1 x 10 17 photons per pulse at 355 run, the maximum 
repetition rate was 10 Hz and the pulse width was approximately 
6 ns. 

A bromine resonance lamp, situated perpendicular to the 
photolysis laser, excited resonance fluorescence in the bromine 
atoms produced pbotolytically or as a reaction product. The 
resonance lamp consisted of an dectrodeless microwave discharge 
through about 1 Tort of a flowing mixture containing a trace of 
Br 2 in helium. The flows of a 0.2% Br 2 in helium mixture and 
pure helium into the lamp were controlled by separate needle 
valves, thus allowing the total pressure and Br 2 concentration to 
be adjusted for optimum signal-to-noise ratio. Radiation was 
coupled out of the lamp through a magnesium fluoride window 
and into the reaction cell through a magnesium fluoride lens. 
Before entering the reaction cell, the lamp output passed through 
a flowing gas filter containing 50 Torr-cm of methane in nitrogen. 
The methane filter prevented radiation at wavelengths shorter than 
140 nm (including impurity emissions from excited oxygen, hy- 
drogen, nitrogen, and chlorine atoms) from entering the reaction 
cell, but transmitted the strong bromine lines in the 140-1 60-nm 
region. 

Fluorescence was collected by a magnesium fluoride lens on 
an axis orthogonal to both the photolysis laser beam and resonance 
lamp beam and was imaged onto the pbotocatbode of a tolar blind 
photomultiplier with a Csl pbotocatbode. The region between 
the reaction cell and the photomultiplier was purged with N 2 to 
prevent absorption of fluorescence photons by 0> H 2 0, and other 
trace gases in the laboratory air. Signals were processed using 
photon counting techniques in conjunction with multichannel 
scaling. A large number of laser shots were typically averaged 
to obtain a bromine atom temporal profile with signal-to-noise 
sufficient for quantitative kinetic analysis. It is worth noting that 


(1) Tyndall. G S„ Rimhinkin. A R /« / Ckem. Kinei mi, 22. 4*3. 

(2) Yin. F.; Grosjean. D.; Seinfeld. H J. Atmos Ckem 1440. //. 309 

(3) Nicovich. J M.: Shackelford. C. J.; Wine. P. H. J Pkotockrm Pho* 
lobiol.. A Ckem 1440.5/, 141 

(4) Wine. P H., Kramer, N. M.; Ririihankiri. A. R. J. Pkys Ckem 

1474, Ji, 3191. 
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TABLE I: Parameter* Reierast to h Site Moaitoriag of H^S, 

CHjSH, tad HBr 

species A, nm light source* A isolation* 10'V cm 2 


HjS 

202.6 

A 

M 

57.5' 

228 8 

B 

BPF 

4.58' 

CHjSH 

202.6 

A 

M 

*7.1 (ref 67) 

213.9 

A 

M 

14 8' 

HBr 

202.6 

A 

M 

10.2 (ref 24) 


•A, zinc hollow cathode lamp; B. cadmium pen ray lamp 4 M. 1 / 4 -tn 
monochromator, BPF. band-pass filter. 'Measured during the course 
of this investigation. 


the resonance fluorescence detection scheme is sensitive to both 
ground-state (^y/i) and spin-orbit excited-state ( 2 P l/2 ) bromine 
atoms. 

Tests were carried out to evaluate the sensitivity of the detection 
system toward O, H, Cl, CO, and Br using 266-nm laser flash 
photolysis of Oj/N* CHjSH/N* Cl : CO/N 2 , and CF 2 Br 2 /H 2 /N 2 
mixtures as the respective sources for O, H, Cl + CO, and Br (the 
reason for adding H 2 to the CF 2 Br 2 /N 2 mixture is discussed 
below). Production of — 1 x 10' 2 O or H cm" 3 resulted in no 
observable signal. Similarly, production of 1 x 10 u Cl em" 3 ♦ 
5 X 10" CO cm" 3 resulted in no observable signal. The detection 
sensitivity for Br atoms was sufficient to allow temporal profiles 
to be followed down to [Br] < 1 x 10 9 atoms cm" 3 with a rea- 
sonable level of signal averaging 

The emission spectrum of the bromine lamp (transmitted 
through the methane filter) was measured using a scanning 
vacuum UV mooochromator (resolution ^0.05 nm) and the same 
solar blind photomultiplier as was employed in the kinetics ex- 
periments. In addition to the 4 P -* 2 P and : P — 2 P bromine 
transitions, major impurity emissions were the ^ > 2 P, ^ — 2 D, 

and 2 D -• 2 P transitions of atomic nitrogen at 174 nm (strong), 
149 nm (strong), and 141 nm (weak), respectively, and the 3 P — 
3 P transitions of atomic carbon at 166 nm (weak). The above- 
mentioned sensitivity tests confirmed that N( 2 P), N( 2 D), and/or 
C( 3 P) were not produced in sufficient quantity in the reaction cell 
(by multipboton pbotodissociation of N 2 or CUCO) to be detected 
via fluorescence excited by impurity lamp emissions; if this were 
not the case, then fluorescence signal would have been observed 
following 266-nm laser flash photolysis of 0 3 /N 2 , CH 3 SH/N 2 , 
and/or Cl 2 CO/N 2 mixtures. The tests described above demon- 
strate quite conclusively that the detection system was specific 
to bromine atoms. 

To avoid accumulation of photolysis or reaction products, all 
experiments were carried out under “slow flow* conditions. The 
linear flow rate through the reactor was in the range 1.5-4. 5 cm 
s" J and the laser repetition rate was varied over the range 1-10 
Hz (5 Hz typical). Hence, no volume element of the reaction 
mixture was subjected to more thin a few laser shots. Rea cunts 
and radical pbotolytic precursors were flowed into the reaction 
cell from bulbs (12 L volume) conuining dilute mixtures in ni- 
trogen while hydrogen and additional nitrogen were flowed directly 
from their storage cylinders. Except where specified in later 
discussions, all gases were premixed before entering the reactor. 
The concentrations of each component in the reaction mixtures 
were determined from measurements of the appropriate mass flow 
rates and the toul pressure. The excess reacunt (i.e., HjS, 
CH^H, or HBr) concentration was also determined in situ in 
the slow flow system by UV photometry. Monitoring wavelengths, 
light sources, and absorption cross sections relevant to the pho- 
tometric measurements are summarized in Table I. Since it was 
normally the case that more than one species in the reaction 
mixtures absorbed at the monitoring wavelength, the excess 
reacunt concentration was usually measured upstream from the 
photolyte addition point; dilution factors required to correct the 
measured concentration to the actual reactor concentration never 
exceeded 1.1. Some experiments were carried out with the ab- 
sorption cell positioned downstream from the reactor. Although 
the determinations of the excess reacunt concentration were less 
precise in this experimental configuration (due to the presence 
in the absorption cell of more than one absorbing species), ex- 
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perimental results were found to be independent of whether the 
Absorption cell was positioned upstream or downstream relative 
to the reactor. 

The gases used in this study had the following stated minimum 
purities: N 2 , 99.999%, H 2 , 99.999%, Clj, 99.99%;’ HBr, 99.8%;’ 
H^, 99.5%; s CHjSH, 99.5%.’ Nitrogen and hydrogen were used 
as supplied while Cl* HBr, HjS, and CHjSH were degassed 
repeatedly at 77 K before being used to prepare mixtures with 
N 2 . It is worth noting that HBr gas samples taken directly from 
the storage cylinder contained significant (25-50%) levels of a 
aoocondensible (at 77 K) impurity which was determined by 
weighing to be H 2 . The stated minimum purity of the CF 2 Br 2 
liquid sample was 99%. It was transferred under nitrogen into 
a vial fitted with a high vacuum stopcock and subjected to repeated 
freeze (77 K)-pump-thaw cycles before being used to prepare 
gaseous mixtures with N 2 . 

Bento and Dbomioe 

In studies of reactions 1 and 2 bromine atoms were generated 
by 266- nm laser flash photolysis of CF 2 Br 2 ([CF 2 BrJ ranged from 
0.2 x 10 14 to 11 x 10 14 molecules cm' 3 ): 

CF 2 Br 2 + hi 266 nm) — Br ♦ CF 2 Br (3) 

The CF 2 Br 2 absorption cross section at 266 nm is approximately 
8 X 10" 20 cm 2 *" 4 while the quantum yield for Br production from 
CF 2 Br 2 photolysis increases from unity at X £ 248 nm to around 
2 at X * 193 nm.’ Presumably, at X £ 248 nm CF 2 Br 2 photo- 
dissociates as indicated in reaction 3 with unit yield. To ensure 
rapid relaxation of any pbotolytically generated Br(*P l/2 ), about 
1 Ton of Hj was added to the reaction mixture. The reaction 

BK’Pi/j) + Hj(p* 0) - Br{ 2 Pj/j) + H : (o-l) (4) 

is known to be fast with k 4 » 6 x IQ" 12 cm 3 molecule' 1 s' 1 . 10 

In studies of reaction -1, SH radicals were generated as follows: 

Cl 2 CO ♦ AK 266 nm) — 2C1 ♦ CO (5) 

Cl ♦ HjS - SH 4- HC1 (6) 

The CKCO concentration was typically 1 X 10 13 molecules cm' 3 
while the HjS concentration was typically 1 x 10 1 * molecules cm" 3 . 
We have recently shown that k t ■ 3.6 x 10* u cxp(210/7") cm 3 
molecule" 1 s' 1 11 and * 7 - 125 x 10" 11 exp(-400/T) cm 3 molecule 

s".* 3 

Cl + HBr - Br(*Pj) 4- HC1 (7) 

Based on the above rate coefficients, experimental conditions were 
maintained w here >90% of the pbotolytically generated Q reacted 
with H£ and <10% reacted with HBr. The Cl 2 CO absorption 
cross section at 266 nm is approximately 1 X 10"” cm 2 , ,3J4 while 
the quantum yield for Cl 2 CO pbotodissociation at 253.7 nm has 
been shown to be unity. 15 Reaction 5 actually occurs in a two-*tep 
process involving a C1CO intermediate. However, even in the 
unlikely event that Cl CO is produced without internal excitation, 
the C1CO lifetime toward decomposition to Cl 4- CO is short 
compared to the experimental time scale (hundreds of microse- 
coods) for SH removal. 14 Reaction -1 was studied employing 
reaction mixtures containing no H 2 in order to avoid potential 
complications from the reaction Cl + H 2 -*• HC1 + H. 


(5) Slated punty of liquid pfeaac in cylinder. 
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FVf ri 1. Typical Br(*P ja ) atom temporal profik obaervod is the studies 
of the 4 RSH reactions (R ■ H, CH 3 ). Reaction Br(*P, /2 ) 

4 CH,SH. Experimental conditions T ■ 332 1C. P » 50 Ton, [CF 2 BrJ 
■ 1.1 X 10 14 molecules cm" 3 , |CH)SH] * 5.04 X IQ* 4 molecules an’ 3 , 
[Br^jyJlo — 1 X 10 ,e atoms cm" 3 , number of laser shots averaaed ■ 
2000. The inset shows the same dau plotted as In S, versus time The 
•olid line is the inset is obtained from a least-squares analysis and gives 
the pseudo- first -order Br^j/J decay rate shows is the figure. 


In studies of reaction -2, CH 3 S radicals were generated by 
266-nm laser flash photolysis of dimethyl disulfide: 

CHjSSCH 3 4- M 266 nm) - 2 CH 3 S ( 8 ) 

Concentrations of CH 3 SSCHJ ranged from 2 x 10 13 to 32 x 10 13 
molecules cm' 3 . The CH 3 SSCH 3 absorption croas section at 266 
nm is approximately 1 X KT 11 cm 3 , 17 and the quantum yield for 
producing CH 3 S is thought to be 2. ,f Reaction mixtures employed 
to study reaction -2 did contain 1 Torr of added H 2 . 

All experiments were carried out under paeudo- first-order 
conditions with the stable reactant in large excess (factors of 
1 0 3 — 1 0 3 ) over the free-radical reactant. Concentrations of pbo- 
tolytically generated radicals were typically in the range (5-15) 
X 10 10 cm' 3 , although this experimental parameter was varied 
over a wide range (factor of 50). For all four reactions studied, 
observed kinetics were found to be independent of the pbotolytic 
precursor ooncentration(s) and the concentration of pbotolytically 
generated radicals. Observed kinetics were also found to be 
independent of the linear flow rate of the reaction mixture through 
the reactor and the photolysis laser repetition rate. 

In the absence of side reactions which regenerate or deplete 
the Br( 2 P 3 ^ 2 ) atom concentration, the observed Br( 2 P 3/2 ) temporal 
profile following the laser flash in studies of reactions 1 and 2 
would be described by the relationship 

la (So/S,) - la |[Br( I Pj /1 )l 0 /[Br( i Pj / j)] r ) - 
(k,[R£H) 4- k,)t ■ kt (/ • I or 2 , R, - H, R 2 - CH 3 ) 

(I) 

In the above relationship, S e and S, are the signal levels imme- 
diately after the laser fires and at some later time f, [Br^/^Je 
and [Br( 2 P 3/2 )]i art the bromine atom concentrations corre- 
sponding to S 0 and S n and A* is the first-order rate coefficient 
for the process 

Brf^j/j) loss by diffusion from the detector field of view 
and reaction with background impurities (9) 

The bimolecular rate coefficients of interest, k,{P,T), are deter- 
mined from the slopes of A 'versus [R,SH] plots. Observation of 
Br( 3 P J/2 ) temporal profiles which are exponential (i.e., obey eq 
I), linear dependencies of k ' on [R£H], and invariance of observed 


(17) Calvert. J. G.; Puts, J. N., Jr Photochemistry, Wiley New York, 
1966 

(II) ItUa. R J.; H ticklers, J. Cm J. Cktm 1*4. 62. 162. 


102 


Heals of Formation of SH and CH 3 S Radicals 


TABLE fl: Summary of kinetic Data for t W Reaction B r(*P J/2 ) + 
HyS — SH ♦ HBr* 


T 

P 

no of expts* 

{H^SU 

range of k' 

k, * 2** 

319 

100 

6 

456 

10—1 38 

2.65 * 0.10 

334 

50 

7 

198 

22-99 

3.77 * 0.29 

341 

100 

6 

550 

12-229 

4.44 * 0.15 

348 

250 

5 

199 

15-120 

5.33 * 0.42 

351 

50 

7 

197 

23-135 

5.23 * 0.62 

361 

100 

7 

511 

13-378 

7.09 * 0.18 

362 

50 

10 

137 

28-121 

6.95 * 0.73 

376 

50 

7 

152 

28-168 

9.08 * 0.48 

388 

50 

11 

149 

30-212 

12.0 * 0.7 

403 

50 

5 

142 

31-263 

16.0* 1.0 

417 

50 

5 

157 

34-333 

19.0 * 0.9 

420 

250 

7 

151 

19-297 

18.7*0.8 

423 

100 

8 

492 

13-1065 

22.3 * 0.7 

431 

50 

5 

122 

40-350 

25.1 * 0.8 

•Units are T (K); P (Ton); (HjS] (JO 14 molecules cm 

°);k' (»*'); k, 

(10"> 5 

cm 3 molecule" 1 •"'). 

*Expt ■ measurement of a single pseudo- 

first order Br( 2 P J/1 ) decay rate. 'Errors represent precision only. 

TABLE ID: Seminary of Kinetic Data for to Reaction Br + 
CHjSH - CH>5 + HBr- 

T 

P 

no. of expts* 

|CH>SH)«„ 

range of k’ 

k a * 2tP 

273 

50 

10 

23.8 

31-5310 

2230 * 50 

297 

200 

5 

149 

42-4000 

2640 * 70 

298 

50 

10 

21.8 

27-5390 

2480 * 90 

332 

50 

7 

9.78 

27-2810 

2830 * 90 

383 

50 

6 

12.0 

34-4120 

3350 * 80 

409 

50 

10 

9.86 

40-3570 

3590 * 60 

431 

50 

6 

12.8 

37-5060 

3820 * 50 


•Units are 7 (K): P (Torr); [CH>SH] ( 1 0 14 molecule* cm" 3 ); k' 
(s"‘); * 2 (10“ 15 c™ 3 molecule" 1 I" 1 ). *Expt ■ measurement of a single 
psuedo- first-order Br( 2 P 3/2 ) decay rate. 'Errors r e pre s ent precision 

only. 

kinetics to variations in laser photon fluence and photolyte con- 
centration strongly suggest that reactions i and 9 are the only 
processes which affect the Br( 2 P J/2 ) time history, although re- 
actions of Br( 2 P 3/2 ) with impurities in the R;SH samples are not 
ruled out by the above set of observations. A typical Br( 2 P J/2 ) 
temporal profile and a typical k' versus [R/SH] plot observed in 
our studies of reactions 1 and 2 are shown in Figures 1 and 2. 
Kinetic data for reactions 1 and 2 arc summarized in Tables II 
and III. 

In the absence of side reactions that remove or produce Br- 
(^m), the observed Br( : P 3/2 ) temporal profile following the laser 
Hash in studies of reactions -1 and -2 would be described by the 
relationship 

S, - |exp(-*,») - ttftf-M) + Cj exp<-M 

(II) 

In eq II, S, and k» are as defined above, is the pseudo-first-order 
rate coefficient for Br( 2 P 3 / 2 ) appearance, and the parameters C| 
and C 2 arc defined as follows: 

C, - alR&S (III) 

C, - alBri’Pjlo (IV) 

In the above equations [R,S] 0 tnd [Br(*Pj/j)]o are the radical 
concentrations after photolysis and (in the case of the SH -f HBr 
study) reaction 6 have gone to completion, but before significant 
removal of R£ radical has occurred, / is the fraction of R£ 
radicals which are removed via a reaction which produces Br, and 
o is the proportionality constant which relates S, to [BrC 2 ?^)],. 
For the reaction systems of interest, we expect that 

k . - UHBr) ♦ k, o (V) 

/-MHBrJ/k. (VI) 

where i * 1 or 2, R ■ H for / • 1 and CH 3 for i • 2, and k, 0 
is the rate coefficient for the following reaction(s) 

R,S first-order loss by processes which do not product Br 

( 10 ) 
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linear least -squirts analysis and gives the bimolecular rate coefficient 
shown is the figure. The open circle is the data point obtained from the 
temporal profile shown in Figure 1.. • > # 

A nonlinear least -squares analysis of each experimental temporal 
profile was employed to determine k a , k* C h and C 2 . The bi- 
molecular rate coefficients of interest, k^P,T) (i * 1, 2), were 
determined from the slopes of k, versus [HBr] plots. It is worth 
pointing out that the accuracy with which k, could be determined 
via the nonlinear least-squares fitting technique was quite good 
because it was always the case that k a » k* and C, » C 2 . It was 
also always the case that the intercepts of the k t versus [HBr] 
plots were small compared to the k, values measured; i.e., k, 0 was 
always slow enough to exert little or no influence on the precision 
of the measured bimolecular rate coefficients. Application of eq 
II for analysis of SH + HBr kinetic data requires that Cl con- 
version to SH and Br via reactions 6 and 7 is instantaneous on 
the time scale for SH removal; under our experimental conditions, 
reactions 6 and 7 were complete within a few microseconds while 
reaction -1 occurred on a time scale of several hundred micro- 
seconds. 

Similar to the situation discussed above for the studies of re- 
actions 1 and 2, observation of Br( : P 3/2 ) temporal profiles that 
obey eq II, linear dependencies of k a on [HBr], and invariance 
of k, to variation in laser photon fluence and photolyte concen- 
tration suggests that the R,S + HBr reaction and reaction 9 art 
the only processes other than possible impurity reactions which 
significantly affect the Bri 2 ?^) time history (once photolysis and 
Cl reaction with and HBr are complete). A typical Br(*Pj /2 ) 
temporal profile and typical k, versus [HBr] plot observed in our 
studies of reactions -1 and -2 are shown in Figures 3 and 4. 
Kinetic data for reactions -1 and -2 are summarized in Tables 
IV and V. 

As indicated in Tables Il-V, pressure dependence stud>es were 
carried out for reactions 1, 2, and -2; as expected, no evidence 
for pressure-dependent rate coefficients was observed over the 
range investigated (30-300 Torr). Arrhenius plots for reactions 
1, 2, -I, and -2 are shown in Figure 5. The solid lines in Figure 
5 are obtained from linear least -squares analyses of the In k,(T) 
versus 7" 1 data; these analyses give the following Arrhenius ex- 
pression in units of cm 3 molecule" 1 s" 1 : 

*, » (1.42 * 0.34) X 10" n exp[(-2752 * 90)/T). 

319-431 K 

k-, • (4.40 * 0.92) x l<r ,J exp[(-971 * 73)/71 

299-423 K 

k 2 - (9.24 * 1.15) X 10" 12 exp[(-386 ± 41)/7], 

273-431 K 

k. 2 - (1.46 * 0.21) x KT 12 exp[(-399 * 41)/7], 

273-426 K 

Errors in the above expressions are 2o and represent precision only. 
On the basis of observed precision and consideration of possible 
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TABLE fV: Simmy * ***** P*ta for the Reactloa SH + HBr Br(*Pj) ♦ H»S' 


T 

P 

no. of expts* 

IHBr)«, 

range of k t 

range of k , 

A, 0 A 2a* 

A., A 2^ 

299 

100 

7 

161 

590-2910 

29-45 

49 A 106 

176 A 10 

321 

100 

6 

125 

411-2980 

24-35 

64 ± 76 

209 A 8 

341 

100 

5 

153 

626-4050 

28-39 

92 ± 140 

253 A 14 

402 

100 

7 

117 

1100-4740 

31-37 

302 ± 286 

385 A 34 

423 

100 

12 

91.2 

622-4330 

23-43 

112 A 143 

457 A 22 

•Units arc 

T (K); r (Ton); (HBr) (10 14 molecule cm"’); k+ 

A |0 (•"'); A., (10"' 5 cm 3 molecule'' 

s"'). *Expt ■ 

measurement of a single 

Br( 2 P 3/J ) temporal profile. 

'Errors represent precision only. 





TABLE V: Sammary ef Kiartk Data for tfc Rocthw CH,S + HBr 

- Br(*Pj) ♦ CH,SH 4 



T 

P 

no. of expts 4 


range of A, 

range of A, 

A io ± 2^ 

* 2t* 

273 

100 

10 

77.9 

261-2170 

11-29 

99 ± 114 

347 A 29 

295 

200 

10 

12. 1 

419-3360 

17-61 

247 A 116 

383 A 25 

297 

30 

11 

72.4 

334-2700 

20-32 

11 A 50 

363 A 12 

297 

100 

14 

66.2 

439-2570 

10-19 

56 A 82 

382 A 20 

297 

300 

10 

694 

436-2770 

9-23 

-18 A 130 

385 A 28 

330 

100 

6 

65.9 

473-2970 

14-20 

49 A 82 

438 A 21 

366 

100 

7 

56.4 

252-2690 

25-48 

65 A 26 

468 A 8 

403 

100 

1 

56.0 

294-3120 

30-37 

55 A 42 

546 A 12 

426 

100 

12 

54.7 

217-3341 

24-44 

22 A 77 

592 A 25 


•Unit* art T (K); P (Torr); [HBr] (10 14 molecules cm" 3 ); A,, A* A ie (r 1 ); A- 2 (ICT 15 cm 3 molecule" 1 # Expt ■ measurement of a tingle 
B r ( 2 P J/2 ) lemporal profile. 'Error* represent precision only. 



Figure 3. Typical Br( 2 P J/2 ) atom temporal profile obterved in the studies 
of RS ♦ HBr reactions (R • H.CHj) Reaction: CH,S ♦ HBr. Ex- 
perimental conditions T ■ 330 K, P » 100 Torr, [CH^SCHj] » 3.29 
x 10 ,J molecules cm* 3 , [HBr] - 5.12 x 10' 5 molecules cxrf\ (CHjSJo 

— 1.2 x 10" molecules cm' 3 , number of laser shots tveraged ■ 5000. 
The solid line is obtained from a nonlinear least-squares analysis and 
gives the following best fit parameters: A t ■ 2270 A, ■ 15 »"*, C, 

- 7470. C 2 - 396. 

systematic errors (see below), we estimate the absolute accuracy 
of each measured bimolecular rate coefficient to be A 15% for the 
Br( 2 P )/2 ) + R»SH reactions and ±20% for the R,S ♦ HBr re- 
actions. 

Reaction Mechanisms. One important question one can ask 
about reactions 1, -1, 2, and -2 concerns the identity of the 
reaction products. Can we be sure that Br^j^) *f R^SH produces 
R,S + HBr with unit yield and that R/S + HBr produces Br + 
R£H with unit yield? The answer to this question appears to 
be yes for reactions -1 and -1 We have investigated the possibility 
of adduct formation in the Brf 7 ?^) + HjS reaction and find no 
evidence for the occurrence of an addition reaction, even at tem- 
peratures as low as 190 K. Hence, it appears that reaction 1 must 
produce SH + HBr with unit yield. However, there are a number 
of possible channels via which reaction 2 could proceed: 


Br{ 2 P j/2 ) + CH>SH - CH,S + HBr (2a) 
— CH,SH + HBr (2b) 

— CH, + HSBr (2c) 

— H + CH,SBr (2d) 

— SH + CHjBr (2c) 

— CH>S(Br)H (20 



Figure 4. Typical plot of k t versus [HBr] observed in the studies of the 
RS HBr reactions (R • H.CHj). Reaction CHjS 4* HBr T ■ 330 
K , P m 100 Ton The solid line is obtained from a linear least-squares 
analysis and gives the bimolecular rate coefficient shown in the figure. 
The open circle is the data point obtained from the temporal profile 
shown in Figure 3. 



1000/T(K) 

Figwt 5. Arrhenius plots. Solid lines are obtained from least-squares 
analyses which yield the Arrhenius expressions given in the text. 
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The occurrence of reaction 2b teems unlikely since the C-H bond 
in CHjSH is thought to be about 6 kcal mol' 1 stronger than the 
S-H bond. 1 ’* 20 For the similar though considerably more exo- 
thermic reactions of G and OH radicals with CHjSH, abstraction 
of a methyl hydrogen is known to be a very minor reaction 
channel; 21 - 22 since channel 2b is probably significantly endothermic, 
the yield of CHjSH from reaction 2 is probably smaller than the 
(very small) yields of CHjSH from the reactions of Cl and OH 
with CHjSH Assuming the RS-Br bond strength to be 57 kcal 
mol' 1 , ix., intermediate between published estimates of the RS- 
Cl 23 and RS-1 20 bond strengths, reactions 2c and 2d are highly 
endothermic Using the CH,S and SH beats of formation derived 
from our data (see below) to calculate the enthalpy change for 
reaction 2c leads to the conclusion that this reaction is endothermic 
by 4.6 kcal mol' 1 ; assuming an A factor of 1 x 10" n cm 3 mole- 
cule* 1 s’ 1 for k * and an activation energy equal to the endo- 
thermkaty suggests that reaction 2e could contribute no more than 
1% to the measured k 2 at 431 K and much less at lower tem- 
peratures. Recent unpublished experiments in our laboratory have 
obtained kinetic evidence for reversible adduct formation in the 
Br 4 CH,SH reaction at temperatures below 235 1C AT2 273 
1C the temperature range of interest for this study, our results 
suggest that the adduct lifetime is too short for its existence to 
be kinetically important. 

As an experimental check on the above conclusions, exp er i ments 
were carried out where Br^/J kinetics were observed following 
355-nm laser flash photolysis of Br 2 /CHjSH/HBr/H 2 /N 2 
tures. To avoid complications from a heterogeneous dark reaction 
between Br 2 and CHjSH, it was necessary to inject Br 2 into the 
gas flow just upstream from the reaction zone. Long-wavelength 
photolysis was necessary in order to completely avoid production 
of CHjS and H via photodissociation of CHjSH. Following 
Br( 2 P 3/2 ) production by the laser flash, the following reactions 
occur: 


bH 2 Pj/j) ♦ CHjSH - X’ + Y 

(2) 

X- + Brj — XBr + Br(*P.,) 

(ID 

X* + HBr ~ XH + Br(^) 

(12) 

Br{ 5 P|/j) + Hj — Br( J P VJ ) + Hj 

(4) 


Br{ 2 P 3/2 ) loss by diffusion from the detector field of view 
and reaction with background impurities (9) 

X* -*■ first-order loss by processes which do not produce Br 

(13) 

Assuming that all reactions are first order or pseudo first order 
and that Br( 2 P l/2 ) deactivation to Br( 2 P 3/2 ) is instantaneous on 
the time scale for the occurrence of reactions 2, 1 1, and 12, the 
rate equations for the above reaction scheme can be solved ana- 
lytically: 

M’pJL/M’pJlo - 

K0 ♦ x,) «p(x,o - (Q + x,) wjKXjOKX, - x,)-' (VII) 


where 

X, - O.SKa 3 - 4h)'/ s - a) (VIII) 

X, - -O.SUtf 5 - 4 bY' 1 + a\ (IX) 

e-*.,[Brj4* 12 [HBr]4* 13 (X) 

a - Q ♦ k 2 [CH£H) ♦*,•-{ X, 4 X 2 ) (XI) 
* « ♦ *„*2lCH>SH] -X,X 2 (XII) 
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Flfvt 6. Typical Brf’Pj^) temporal profile observed following 355-nm 
laser flash photolysis of Bfj/CHjSH/HBr/Hj/Nj mixtures. Experi- 
mental conditions: T ■ 298 It, P • 30 Ton, [Br 2 ] ■ 5 J X 10 12 mole- 
cules cm- 1 , fCH,SH) - 3 JO x 10 15 molecules axT 3 , [HBr] - 299 x 10' 5 
molecules cm" 3 , (Bri^Pm)le *» 4 x*10'° atoms cm" 3 , number of laser 
abocs averaged • 10000. The solid line is obtained from a nonlinear 
least -squares analysis and gives the best fit parameters Q m 2540 a" 1 . -X, 

■ 67.1 s* 1 , and -X 2 * 10250 s* 1 . 

Ob^rved Br(*P }r i) temporal profiles were fitted to the predicted 
double-exponential functional form (eq VII) using a nonlinear 
least-squares procedure to obtain values for X,, X 2 , and Q. The 
rate coefficient k+ was directly measured and was always small 
(10-40 »-■). Hence, the elementary rate coefficients k 2 and k, 3 
could be obtained from the relationships 

*2 - HQ 4- k, 4 X, 4 X 2 )/[CHjSH] (XIII) 

*1) - - M:)/(C + A* + Xj + Xj) (XIV) 

Values for k iy were always found to be relatively small, ranging 
from 14 to 127 s" 1 for the 45 double-exponential decays which 
were analyzed. For a set of experiments where [HBr] is varied 
at oonstant (low) [Br 2 ], a plot of ( Q - k, 3 ) versus [HBr] should, 
according to eq X, be linear with slope * k 12 and intercept ■ 
k n [BrJ. With the exception of CHjSH, 298 K rate ooefficienu 
for reactions of all possible radicals X* with HBr are known and 
are significantly different from each other, in units of 10" 13 cm 3 
molecule" 1 s" 1 the rau coefficienu of interest are 1.7 for X* • 
SH (this work), 3.9 for X’ - CH 3 S (this work), 30 for X # - 
CHj, 24 and 65 for X* ■ H. 23 Hence, determination of k 12 as 
described above should provide strong evidence concerning the 
identity of X*. 

A typical Br(*P 3 ^) temporal profile observed following 355-nm 
laser flash photolysis of Br 2 /CH 3 SH/HBr/H 2 /N 2 mixtures is 
shown in Figure 6, while typical plots of ( Q - k, 3 ) versus [HBr] 
are shown in Figure 7. The data in Figure 7 suggest that k I2 (298 
K) 4.6 X lCT 13 cm 3 molecule" 1 s" 1 ; considering the nature of 
the fitting procedure, we estimate the uncertainty in k 12 (298 K) 
to be ±30%. This determination of k I2 ( 298 K) strongly supports 
the contention that the dominant reaction channel for the Bri^j/i) 
4 CH,SH reaction is production of CHjS 4 HBr. The intercepu 
of the plou in Figure 7 indicate that the CHjS 4 Br ; reaction 
is very fast, Le^ k l4 * (1.7 ± 0J) X 10* ,0 cm 3 molecule" 1 s" 1 . To 
our knowledge there are no measuremenu of k M reported in the 
literature. 

CHjS 4 Br 2 — CH,SBr 4 Br(*P,) (14) 

However, very fast rate coefficienu have recently been reported 
for the reactions of alkyl radicals* and SD radicals 27 with Br 2 . 


(24) Nwovich. J M.; van Dijk. C. A.; Kmitier, 1C. D. Wine. P H. J Pkys. 

(19) Dill. B ; Heydtmann. H. Ckem. Pkys 1971, 35, 161. Ckem 1991, 95, 9890 

(20) Shum, L. C S.. Benson, S W. ini J. Ckem Kinet 1913. 15 , 433. (25) Umemoto. H.; Wad*, Y.; Tsunashima. S.; Takayanagi, T.. Sato, S. 

(21) Nesbitt, D. J.; Leone, S R. J Ckem Pkys 1911, 75, 4949. Cktm. Pkys. 1990, 143, 333. 

(22) Tyndall, G. S ; Ravishankara. A R. J Pkys Ckem 19t9, 93, 4707. (26) Timonen, R. S.; Scctula, J. Gutman, D. J Pkys Ckem 1990, 94, 

(23) Benson, S W Ckem Rev 1971, 78, 23. 3005 
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Rfure 7. Plot* of (Q - *, 3 ) versus fHBr). Experimental conditions: T 
■ 298 K. P (Terr) • (i) 100, (b) 30, (c) 30; [BrJ (10 ,a mokcuio cnT 1 ) 
• (i) 2.15, (b) 3.25, (c) 5.3; (CH,SH] (10 15 molecule cnT 3 ) ■ (•) 1 .24, 
(b) 1.33, (c) 3.61. The line art obtained from linear least-squire 
analyse; the slope five tbc following value for k l3 ± la in unitt o ( 10" 13 
cm 3 molecule' 1 a' 1 : (a) 4.60 ± 0.19, (b) 4.51 ± 0.26, (c) 4.11 * 0.28; 
the intercept sugfet a fas kinetic value for k, 4 . The filled square is the 
data point obuined from tbc temporal profile shown in Figure 6. 

Reactivity in these systems seems to correlate with properties that 
reflect the strength of long-range attractive forces, particularly 
thc*e associated with subilization of transition sutes via charge 
separation. The highly polarizable nature of both CH,S and Br* 
the low ionization potential of CH 3 S (8.06 eV 21 ), and the large 
electron affinity of Br 2 ( — 2.55 eV 21 ) are electronic properties 
which contribute to the very fast rate of reaction 14. 

Potential Systematic Errors. As discussed briefly above, a 
number of potential systematic errors in our kinetic measurements 
can be ruled out based on the observed invariance of Br^j/j) 
temporal profiles to variations in laser photon fluencc, pbotolyte 
concentrations, flow velocity through the reactor, and Iisct pulse 
repetition rate; these include contributions to Br( 2 P 3/2 ) kinetics 
from radical-radical side reactions, from radical-photolyte side 
reactions, from reactions involving radicals which are produced 
by reacum photolysis (H and CH,S from CH,SH photolysis, for 
example) or from reactions involving stable products which build 
up in concentration with successive laser flashes. In situ mea- 
surements of stable reacum (i.e., H*S, CH>SH, HBr) concen- 
trations greatly reduce another potential source of systematic error. 

One type of kinetic interference which needs to be addressed 
is the potential contribution to measured rate coefficients from 
impurity reactions. The relatively unreactive nature of Br atoms 
makes it unlikely that impurity reactions were a problem in our 
studies of reactions 1 and 2. Gas chromatographic analyses of 
the HjS and CH>SH urn pies were carried out using a flame 
photometric detector to search for sulfur-conuining impurities; 
none were observed, lending further confidence that impurity 
reactions were not a problem. The most likely impurity problem 
in our studies of reactions -1 and -2 is from Br h Potential sources 
of B r 2 are impurity in the HBr sample, residual Br 2 (from Br 
recombination) not swept out of the reaction zone between laser 
flashes, and caulytic formation of Br 2 from heterogeneous re- 
actions of HBr (presumably on the metal surfaces of valves and 
fittings). As discussed abcrvc, reactions 14 and 15 are very fast 
(the 298 K rate coefficient for the SD 4- Br 2 reaction has recently 
been reported to be 9.8 x l(T n cm 3 molecule' 1 s' 1 27 ). 

HS + Br 2 — HSBr ♦ Br( 2 P,) (15) 


(27) Fenier. F. F.; Anderson, J. G. J Pkys Cktm 1991 , 95. 3172. 

(28) Lias. S G ; Bsrtmcu, J E.; Liebman, J F , Hotmo. J. L-, Levin. R 
D Mallard. W. G J Pkys. Cktm. Ref Dcio 19tt, 17, Suppl 1. 


Since SH and CH>S react with Br 2 several hundred times faster 
than with HBr, the HBr concentration must be several thousand 
times larger than the Br 2 concentration before Br 2 interference 
can be considered to be unimportant. To investigate the Br 2 
interference problem, a 2-m absorption cell was positioned in the 
slow flow system downstream from the reaction oell and employed 
to monitor Br 2 photometrically (at 404.7 nm) with typical 
CI 2 CO/H 2 S/HBr/N 2 or CH 3 SSCH 3 /HBr/H 2 /N 2 mixtures 
flowing through the system. No absorption was observed (i.e., 
/// 0 > 0.998) even at HBr levels as high as 1 X 10 17 molecules 
cm' 3 . Since the Br 2 absorption cross section at 404.7 nm is about 
6 X l(T ,f cm 2 , 17 these experiments suggest that [Br 2 ] < 
0.0002[HBr). 

Another potential systematic error in our studies of reactions 
-1 and -2 ooncems the possibility that SH and CH^S are produced 
in vibrationally or electronically excited sutes and do not relax 
much more rapidly than they react. The spin-orbit splittings in 
SH and CH>S are 377 cm' 1 * and 257 cm' 1 ** 31 respectively, 
only slightly larger than the average collision energy at 298 K 
(kT • 207 cm' 1 at 298 K). Hence, extremely rapid equilibration 
of the SH and CHjS spin orbit sutes via collision with the 
nitrogen buffer gas can be safely assumed. It is known from 
infrared chemiluminescence experiments that much of the 
available exothermicity of the Cl + H*S reaction appears as 
vibrational execution in the HO product, but that the SH product 
is formed with little or do internal exciution. ,f Furthermore, 
vibrational relaxation of SH by H*S is expected to be a very 
efficient process due to the near resonance (AF — 40 cm' 1 ) be- 
tween the SH vibrational frequency 2 * and the S-H stretch fre- 
quencies in HjS 12 Hence, it seems safe to conclude that SH was 
tbermalized in our study of reaction -1. Black and Jusinskd have 
studied the time dependence for populating the ground vibrational 
level of CH>S following 248-nm pulsed laser photolysis of 
CHySSC H 3 in the presence of a number of inert collision part- 
ners. 33 They find that nearly all CHjS is produced in excited 
vibrational levels, but that relaxation is very efficient. A phe- 
nomenological rate coefficient of 5.1 x 10" 12 cm 3 molecule' 1 s' 1 
was measured for populating the ground vibrational level (from 
the unknown initial vibrational sute distribution) via collisions 
with Nj. Hence, under our experimental conditions (Table V) f 
CH 3 S relaxation times ranged from 0.02 to 0.2 m* while CH 3 S 
reaction times ranged from 300 to 4000 m* 

As mentioned above, the SH *4 HBr experiments were carried 
out with no H 2 added to the reaction mixtures in order to avoid 
potential complications from the G 4* H : reaction. This variation 
in experimental conditions does, however, introduce a different 
possible complication. As mentioned in the Experimental Section, 
the resonance fluorescence detection technique is sensitive to both 
bromine atom spin-orbit sutes, and tbc relative sensitivies for 
detecting the two sutes are different and difficult to quantify. 
If Br( 2 P, /2 ) was generated in significant quantity, and if its re- 
laxation to Br^s/j) occurred on the same time scale as the SH 
+ HBr reaction, then temporal profiles for appearance of the 
fluorescence signal would deviate systematically from the quantity 
we actually want to measure — the temporal profile for appearance 
of bromine atoma. Rate coefficients for deactivation of BrJ^P, , J 
by N 2 and HBr are, in units of cm 3 molecule* 1 r\ 2.5 x lO” 1 ** 
and —1 X KT 12 ,*- 33 respectively. Hence for the N 2 and HBr levels 
employed (Table IV), any Br^P,^ generated via HBr photolysis, 
via reaction 7, or via reaction -1, was deactivated to Br( 2 P 3/2 ) 
oo a time scale which was faster by factors of >-20 than the time 
scales for the occurrence of reaction -1. Although the rate 
coefficient for Br^/j) deactivation by HjS does not appear to 


(29) Ramsay, D A. J Cktm Pkys 1952, 20, 1920 

(30) Hu. Y.-C.; Liu, X.; Miller. T. A J Cktm Pkys. I9f9. 90, 6852. 

(31) Lee, Y. P.; Chung S Y J Cktm Rhys 1991. 95, 66 

(32) Smdk*, L. M ., Kovner, M. A.; Krainov, E. P. Vibrational Spectre 
of Polyatomic Uoltntitr, Wiley New York. 1974 

(33) Black, G„ Ju&inski, L E. J Cktm Soc . Faraday Trans 2 1914, B2, 
2143. 

(34) Donovan. R. J.; Husain. D Trans Farady Soc 1944. 62, 2987. 

(35) Leone, S R. Wodarciyk, F. J. J Cktm Pkys. 1974. 60. 314. 
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TABLE M: Kiwtic Parameters, Eatfcatpy CWaget, tad IP - EA Valves for a Series of Hyirofea Trawler Reactions R + XH — RH ♦ X 

kinetic parameters 4 electronic properties' 


R 

X 

A 

£*, 

*(298 K) 

rtf 


1P(R) - EA(XH) 

IP(XH) - EA(R) 

Br 

HS 

140 

5.5 

0.013 

TW' 

-3.6 

10.70 

7.08 

Cl 

HS 

360 

-0.4 

710 

11 

11.9 

11.86 

6.83 

OH 

HS 

60 

0.15 

47 

68 

28.0 

12.57 

8.62 

Br 

CH>S 

92 

0.8 

24 

TW' 

0.1 

1 1.6* 

6.08 

Cl 

CHjS 

120 

-0.3 

2000 

11 

15.7 

12.8* 

5.82 

OH 

CHjS 

99 

-0.7 

320 

68 

31.8 

13.5* 

7.61 

Cl 

Br 

230 

0.8 

60 

12 

15.6 

12.8* 

8.04 

OH 

Br 

110 

0 

no 

68 

31.7 

13.5* 

9.83 

SH 

Br 

44 

1.9 

1.8 

TW' 

3.6 

10.2* 

9.36 

CHjS 

Br 

15 

0.8 

3.9 

TW' 

-0.1 

7.9* 

9.78 

ch 3 

Br 

14 

-0.5 

32 

24 

17.8 

9.6* 

10.5 

CjHj 

Br 

13 

-1.1 

13 

24 

13.7 

7.9* 

10.7 

f-C 4 H* 

Br 

11 

-1.9 

270 

24 

8.9 

6.5* 

11.0 


4 Units for A and *(298 K) are 10 -13 cm 3 molecule -1 f 1 and units for £ M are kcal moT'. 4 Units are kcal mol -1 ; values are oomputed using beau 
of formation from this work (SH and CH>S), ref 24 (CHj, C 2 H*, f-CA), ref 28 (/-C 4 H 10 ), and ref 68 (all others). 'Units are electronvolu; 
ionization potentials and electron affinities lakes from ref 28. 'TW ■ this work. 'The unknown (but presumably very small) EA(XH) is assumed 
to be 0.2 eV. 


be known, it appears likely (based for example on analogy with 
the known fast rate for Br( 2 P 1/2 ) deactivation by HjO 34 ) that HjS 
levels of 1 X I O' 6 molecules cm -3 were sufficient to contribute 
significantly to the overall rate of Br( 7 P, /2 ) deactivation. 

Comparison of Reaction Rates for a Series of Radical + HjS, 
CH>SH, HBr Reactions. To our knowledge, there are no previous 
kinetics studies of reactions 1,-1, 2, or -2 with which to compare 
our results. However, kinetic data are available for many "similar” 
reactions. Kinetic parameters, reaction enthalpies, and relevant 
electronic properties for a series of hydrogen-transfer reactions 
involving free-radical attack on H^S, CHjSH, and HBr are 
summarized in Table VI. 

When one considers series of similar reactions such as those 
in Table VI, a correlation between the activation energy (in the 
exothermic direction) and the reaction exotbermirity is often 
observed. Such correlations were clearly established by Evans 
and Polanyi in the 1 930s 37 and are heavily documented in the 
literature.* 1 Examination of Table VI, however, shows the 
correlation between activation energy and reaction exothermicity 
to be rather poor. Only the small subset of reactions CL OH, SH 
+ HBr appear to follow such a trend. 

As mentioned above when considering the very fast rate ob- 
served for the CH)S 4* Br 2 reaction, it is often possible to correlate 
reactivity with properties that reflect the strength of long-range 
attractive forces, particularly those associated with stabilization 
of transition states via charge separation. For some classes of 
reactions, reactivity is found to be strongly correlated with the 
parameter IP - EA, the difference between the ionization potential 
of one reactant and the electron affinity of the other reactant. 
Bayes and co-workers have observed that low values of IP - EA 
correlate with enhanced reactivity in the alkyl + 0 2 , 0 3 reac- 
tions. 3 ’ 40 Gutman and co-workers have observed a similar re- 
activity trend for the reactions of alkyl radicals with Cl* 41 Br** 
HI, 42 and HBr; 43 ^* 5 recent work in our laboratory has confirmed 
the reactivity trend in the alkyl 4- HBr series 24 (Table VI). 
Anderson and co-workers have observed correlations between IP 
- EA and reactivity in reactions of OH and SD radicals with 


(36) Taatycs, C. A.; Lxnxyoy, C. Opanaky, B. 1; Leonty S. R. Chem. 
PA ys Lett. 1991, 182, 39. 

(37) Evans, M G.; Poltnyi. M Tms. Faraday Soc. 193*. 84, 11. 

(31) tee for eumpk, Semenov, W. N. Some Problems In Chemical Af/- 

meticj arid Reactivity, Pnnceton University Press: Princeton, NJ, 1951. 

(39) Ruiz, R P.; Bayes. K D J Fhys Chem. 19S4. 88, 2592 

(40) Piltenghi, R.; Ogryzlo, E. A. Bayes, K D. J. Fhys Chem 19*4, 88, 
2595 

(41) Timonen. R. S.; Gutman, D. J. Fhys. Chem. 19*6, 90, 2987. 

(42) Seetula. J. A.; Russell, J. J; Gutman, D. J. Am Chem. Soc 1990, 
112, 1347 

(43) Russell. J. J.; Seetula. J. A.; Timonen. R. S.; Gutman. D.; Navi, D. 
F. J. Am Chem Soc 19U 110, 3084 

(44) Russell, J. J.; Seetula, J. A.; Gutman, D. J. Am. Chem. Soc 19*t, 

110, 3092 

(45) Seetula. J. A.; Gutman, D / Fhys. Chem. 1990, 94, 7529. 


halogen molecules 77 44 and in the reactions of Br, CL F, P, N, and 
OH radicals with C1N0 47 and with Oy* The property IP - EA 
has been found to correlate with both activation energies 24 - 74 47 *' tt 
and A factors. 3 ’" 4 ' As discussed by Abbatt et al., 47 the barrier 
(i.e., activation energy) to reaction can be lowered through an 
interaction with low-lying ionic states. Presumably, the ionic 
character of the reaction potential energy surface in the region 
of the transition state is enhanced when IP - EA is relatively small; 
this ionic character presumably lowers the barrier by increasing 
the stability of charge separation at the transition state. The 
long-range electronic interaction which can occur when IP - EA 
is relatively low can result in formation of highly polar, loose 
transition states, an effect which leads to abnormally large A 
factors. 

Examination of the kinetic parameters and IP - EA values in 
Table VI leaves little doubt that ionic interactions exert an im- 
portant influence on reactivity in the reactions considered. The 
low ionization potential of CH 3 SH and high electron ifTmity of 
Cl allow these reactants to interact via a charge- transfer mech- 
anism at large separation, thus leading to a very large A factor 
and very fast reaction rate. Differences in reactivity of HyS and 
CHjSH toward Cl and OH correlate very well with the value of 
IP(RSH) - EA(X), X - CLOH. For Br( 2 P 3 , 2 ) reactions with 
HjS and CH 3 SH, however, the above correlation would predict 
faster rate coefficients than are actually observed as a result of 
the high electron affinity of Br. The reactions of Cl and OH with 
HjS and CH 3 SH, all of which are significantly exothermic, art 
barrierless processes. However, the thermoneutral Br( 2 P 3 , 2 ) + 
CHjSH reaction has an activation energy of 0.8 kcal moH and 
the endothermic BK^Pi/J + HjS reaction has an activation energy 
1.9 kcal mol" 1 larger than the end othermi city. It seems clear that 
® r ( 2 F 3 / 2 ) can form (very weakly bound) long-range polar com- 
plexes with HjS and CHjSH. However, the unfavorable ther- 
mochemistry of the Br + RSH reactions apparently leads to 
fignificam barriers for H atom transfer within the complexes, such 
that complex dissociation back to reactants can compete effectively 
with the H- transfer reaction. 

Observed A factors for the radical 4* HBr reactions in Table 
VI follow the weh-etu Wished trend of decreasing with increasing 
complexity of the reactant radical (i.e., atomic > diatomic > 
polyatomic). 44 As mentioned above, alkyl 4* HBr reactivity 
correlates well with the alkyl radical ionization potential, i.e„ the 
lower the radical ionization potential, the faster the reaction; alkyl 
4- HBr reactivity does not correlate with reaction exothermicity. 


(46) Locwemiem, L. M.; Andmon. J G J Fhys Chem 19*5. 89, 5371. 

(47) Abbatt. J P D.; Toohey, D W. ; Femer, F F.; Sievcm, P. S ; Brunt, 
W H.; Anderson, J G J Fhys Chem 1989, 93, 1022. 

(41) Toohey, D W.; Brunt, W. H., Anderson. J. G. hu J. Chem. Kinet. 
im. 20, 131. 

(49) uat for eumpk, Johnston. H S Cos Phase Reaction Rate Theory, 
Rom Id Press Co.: New York, 1966; Chapter 12. 
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TABLE VII: Tber®ocbe«i»caI Parameters for the Reaction Br(*P 3/1 ) + HjS -* SH ♦ HBr (1) tod ir( , P 3/2 ) 4 CHjSH 

- CH,S ♦ HBr (J) 

reaction 

r, k 

ah: 

kcal mot' * 1 

AS: cal mol' 1 

deg-' 

2nd law 

3rd law 

2nd law 

3rd law 

1 

360 

3.54 * 0.32 

3.96 ± 0.21 

2.33 * 0.60 

3.50 * 0.15 


298 

3.46 * 0.33 

3.82*0.17 

2.04 * 1.56 

3.24 * 0.12 


0 

3.08 * 0.35 

3.44*0.19 



2 

333 

-0.03 * 0.17 

-0.17*0.32 

3.67 * 0.44 

3.23 * 0.53 


298 

-0.08 * 0.19 

-0.20 * 0.28 

3.48 * 1.09 

3.07 * 0.51 


0 

-0.59 * 0.27 

-0.71 * 0.36 




* Error* are le and repr ese nt beat eatimatea of absolute accuracy. 


On the other hand, for the Cl, OH, and SH reactions with HBr, 
a reasonable correlation of activation energy with reaction exo- 
tbermidty is observed. These reactions apparently proceed through 
transition states which are not strongly influenced by ionic in- 
teractions. The thennoneutral CH*S + HBr reaction appears to 
be an intermediate case. Unlike the alkyl + HBr reactions, the 
CH 3 S + HBr reaction does have a positive activation energy. 
However, the barrier is much smaller than one would predict based 
on the A// versus trend observed for the Cl, OH, SH + HBr 
reactions. Apparently, the low ionization potential of CHjS 
facilitates ionic interactions which reduce but do not eliminate 
the barrier. 

SH and CH3S Thermochemistry. From the Arrhenius param- 
eters determined in this study we can obtain the enthalpy changes 
and entropy changes associated with reactions 1 and 2. One 
approach, the “second law method*, employs the following rela- 
tionships to obuin thermochemical parameters for reaction i: 

A E h (XV) 

AS, ■ R In (A, /A.,) (XVI) 

where A, and E, art the A factor and activation energy for reaction 
i. Thermochemical parameters for reactions 1 and 2 obtained 
from the second law analyses are tabulated in Table VII. The 
temperature, 360 K for reaction 1 and 333 K for reaction 2, is 
defined as the arithmetic mean of the T l ranges employed in the 
determinations of k, and iL,. Values for AH at 298 and 0 K were 
computed using heat capacity corrections obtained from the JA- 
NAF tables 50 for Br, HBr, SH, and H*S, and calculated from 
available spectroscopic data for CHjS 30 - 31 and CH 3 SH. 32JIJ2 
Second law values for AS at 298 K were computed from the 
relationship 

AC 2n « AH m - TAS m * RT In A«,(298 K) - 

*Tln [M 298 K)/*,<298 K)] (XVII) 

Values for k,(298 K) and k^<298 K) were computed from the 
Arrhenius expressions reported above. 

An alternate procedure for obtaining thermochemical param- 
eters is the “third law method* where the entropy change is 
calculated using standard statistical mechanical methods 53 and 
employed in conjunction with experimental values for K^fT) to 
obtain AH T (from eq XVII). Absolute entropies as a function 
of temperature were obtained from the JANAF tables 50 for Br, 
HBr, SH, and HjS, and calculated from available spectroacopic 
data for CHjS 30 - 31 and CHjSH. 11 * 31 - 32 Uncertainties in the third 
law AS values are estimated based on uncertainties in key 
structural parameters. For reaction 1, the calculated AS appears 
to be quite accurate. For reaction 2, a significant uncertainty in 
the calculated AS arises from uncertainty in the frequency of the 
doubly degenerate r* mode of CH^, which was recently assigned 
a value of 586 cm’ 1 by Lee and Chiang; 31 we “guesstimate* the 
error in this assignment to be ± 100 cm"’. In units of cal mol* 1 


(50) Chase, M W., Jr.; Davies. C. A.; Downey, J. R., Jr.; Fmrip. D. J.; 
McDonald. R. A.; Syvervd, A. N. J Fhys Chem Ref Date 1*5. 14, Suppl 

I 

(51) Kojima, T.; Nishikawa. T. J Fhys Soc Jpn 1*7, /;, 6*0. 

(52) Kojima. T. J Fhys. Soc Jpn. 1*0, 15, 1284 

(53) Sec. for example Knox, J. H Molecular Thermodynamics-, Wiley- 

Interscience London. 1971. 


deg' 1 , the 298 K entropies of SH and CH,S used in our third law 
determinations are 46.77 and 58.32, respectively. Results of the 
third law determinations are summarized in Table VII. 

The analysis presented above is based on the idea that reactions 
*1 and - 2 are the reverse of reactions 1 and 2. In the case of 
reactions 1 and 2 we know that the reacting bromine atom was 
in the *»/». ground state because sufficient H 2 was present in the 
reaction mixtures to instantaneously (on the time scale for Br 
reaction) deactivate any photolytically generated Bri 2 ?,^. Hence, 
the reverse reactions we wish to determine the rates of are 

* SH + HBr — HjS + Br^j/j) ’ (-la) 

CHjS + HBr - CH 3 SH + Br{ s P 3/J ) (-2a) 

Our method, however, actually measures k., ■ k. 1§ + k_ )b and 
k. 2 • k_2* + k. 2b where reactions -lb and -2b are the channels 
producing Br( 2 P 1/2 ): 

SH + HBr - HjS + Br( J P, /2 ) (-lb) 

CH,S + HBr — CHjSH + Br^P,^) (-2b) 

Clearly, if reactions -1 and/or -2 proceed exclusively or a sig- 
nificant fraction of the time via channels - lb and/or -2b, then 
we would be overestimating the rate of the true reverse reaction (s) 
and our reported enthalpy changes would be in error. Simple 
thermocbemical arguments based on the measured activation 
energies for reactions 1 and 2 can be used to place reasonable 
upper limits on k_, b and k. 2b . Our measured activation energy 
for reaction 1 is 5.5 kcal mol" 1 . It is reasonable to assume that 
the activation energy for reaction -la is greater than -1.0 kcal 
mol" 1 . Since the bromine atom spin-orbit splitting is 10.5 kcal 
mol' 1 , reaction -lb must be endothermic by ax least 4.0 kcal moT 1 . 
Taking 1 X 10" 11 cm 3 molecule' 1 s' 1 as an upper limit A factor 
for reaction -lb and 4.0 kcal mol' 1 as a lower limit activation 
energy for reaction -lb leads to the result k_, b ( 299 K) £ 1.2 X 
1C" 14 cm 3 molecule' 1 s H and k. lb (423 K) < 8.6 X 1(T 14 cm 3 
molecule" 1 s' 1 , Le^ k^ ] Jk. ] £ 0.068 at 299 K and k., b /k., £ 0.19 
at 423 K. We have repeated the second and third law analyses 
of the reaction 1 data assuming that the above uppeT limits were 
the correct values for k.,*. Under this scenario, the second law 
AH values for reaction 1 which arc given in Table VII would be 
increased by 0.29 kcal mol' 1 while the third law AH values for 
reaction 1 would be decreased by 0.09 kcal moT 1 . Our measured 
activation energy for reaction 2 is 0.8 kcal mol' 1 . If we assume 
as above that the activation energy for reaction -2a is greater than 
•1.0 kcal moT 1 , then we are led to the conclusion that reaction 
•2b must be endothermic by at least 8.7 kcal mol' 1 . Taking 1 
X 10" 11 cm 3 molecule' 1 •'* as an upper limit A factor for reaction 
•2b and 8.7 kcal mol' 1 as a lower limit activation energy for 
reaction -2b leads to the result *.*(273 K) £ 1.1 X 1C 11 cm 3 
molecule" 1 s' 1 and *.*(426 K) £ 3.4 x IC 1 * cm 3 molecule' 1 »-\ 
k-*/k- 2 £ 3.1 X 1( T* at 273 K and k. a /k. 2 £ 5.7 x KT* 
at 426 K. Qearty, the contribution of channel -2b to our measured 
values for k_ 2 must be negligible over the entire temperature range 
investigated. 

The enthalpy changes for reactions 1 and 2 determined in this 
study can be combined with the accurately known heats of for- 
mation of Br, HBr, HjS, and CH^H” 30 (Table VIII) to obtain 
SH and CHjS beau of formation. Values for Atf r * 0 (R,S) end 
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TABLE Vni: 

Gas- Phase Heats of 

1 

J 


species 


hHfm 

ref 

H 

51.634 ± 0.001 

52.103 k 0.001 

50 

S 

65.662 * 0.060 

66.200 k 0.060 

50 

Br 

28.184 k 0.014 

26.735 k 0.014 

50 

HBr 

-6.136 ± 0.060 

-8.710 k 0.040 

50 

HjS 

-4.203 ± 0.191 

-4.900 k 0.191 

50 

CH) 

35.62 k 0.19 

34.82 k 0.19 

50 

CH,SH 

-2.89 k 0.14 

-5.47 k 0.14 

28 

CHjSCHj 

-5.09 k 0.12 

-4.96 k 0.12 

28 

CH^SSCHj 

-1.63 k 0.24 

-5.78 ± 0.24 

28 

SH 

34.07 k 0.72 

34.18 k 0.68 

this work 



33.3 k \2 

50 



33.6 k 1.1 

57 


33.9 k 1.5 


58 

CH,S 

31.44 k 0.54 

29.78 k 0.44 

this work 


29.4 k 2.1* 

28 



34.2 k 2.0* 

59 



31.4 k 2.0* 

60 



33.2 k 1.5** 

61 



30.5 k 2.0 

63 



*29.5 k 2.0 

20 


35.4 ± 1.5 


65 


35.5 ± 2 


58 


34.2 k 1.5 


66 


• Units are kcal moP 1 . * These values are obtained by coupling the 
kinetic data of Coluasi and Benson (ref 59) with different values 
(ranging from 44 to 49 kcal mol" 1 ) for the benzyl radical beat of for- 
mation. 'Critical review. 

TABLE IX Bond Strengths Derived Using tW SH and CH,S Heats 
of Forma rioe Determined ia This Study in Conjunction with Other 
Heats of Forma rioe Civet ta Table Mil* 


bond D* 0 


S-H 

83.23 k 0.78 

84.12 k 0.74 

HS-H 

89 9 1 k 0.91 

91.18 ± 0.87 

HjC-SH 

72.58 k 1.05 

74.47 k 1.01 
(75.0 k 1.3)* 

H 3 C-S 

69.84 k 0.79 

71.24 k 0.69 
(71.7 k 1.0)* 

HjCS-H 

85 96 k 0 68 

87.35 k 0.58 

HjCS-CHj 

72.15 k 0.85 

73.56 k 0.75 
(74.0 k 1.1)* 

HjCS-SCHj 

64.51 k 1.32 

65.34 k 1.00 


•Units are kcal mol" 1 . ^Computed using A// fJ *(CHj) ■ 35.3 k 0.5 
kcal mol" 1 as reported in ref 24. 

Atff^CRjS) are given in Table VIII. Simple averages of the 
second and third law enthalpies of reaction have been employed 
to obtain our reported R,S beats of formation; this approach seems 
reasonable since (a) estimated uncertainties in the second and third 
law determinations do not differ greatly and (b) the second and 
third law values for A agree to within a few tenths of 
a kcal moP 1 for both SH and CHjS. The reported uncertainties 
in *r(R/S) represent 2c estimates of absolute accuracy; since 
the 2e error estimates for the individual second and third law 
determinations are significantly larger than the deviation of the 
two determinations from their mean, we take the larger of the 
(second and third law) error estimates to be the error estimate 
for the mean. In the case of SH, we increase the uncertainty by 
an additional 0.1 kca) mol' 1 to account for the fact that reaction 
-I could have a smaU but not negligible channel forming 
(see above). Our estimated uncertainties in A// r *7<R,S) of 
0.44-0.72 kcal moP 1 are substantially smaller than those r eported 
previously (Table VIII). The SH or CHjS heat of formation 
represents the least well-known parameter required for evaluation 
of a number of bond dissociation energies (BDEs); in Table IX 
we give values for these BDEs derived using our reported values 
for AtffVRfS) in conjunction with the other beats of formation 
given in Table VIII. For consistency, we employ the JANAF 50 
value of 34.82 k 0.19 kcal moP 1 for f (CH 3 ) to derive 
H 3 C-SH, HjC-S, and H 3 C-SCH 3 bond strengths. It should be 
pointed out, however, that combining our recent measurement of 
the CH 3 4* HBr rate coefficient with the literature value for the 
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Br 4 CH4 rate coefficient leads to a value of 35.3 k 0.5 kcal mof 1 
for A//fjft(CH 3 ); 24 bond strengths derived using this value for 
the methyl heat of formation are given in parentheses in Table 
IX. 

Values for A//*f(SH) reported in this study are compared with 
literature values in Table VIII. The current JANAF recom- 
mendations 50 are based on measurements of the SH ionization 
potential 503 and the appearance potential of SH* from pho- 
toKxuzation of HjS. 5 * Hwang and Benson have obtained a value 
for A// r .*f(SH) based on a study of the I 2 4 HjS reaction at 
555-595 K; 57 derivation of A// fJfl (SH) from their kinetic dau 
required the assumption that the activation energy for the SH 
4 HI reaction is 1 k 1 kcal mol' 1 . A value for A// f>0 (SH) has 
recently been obtained by Nourbakhsb et al. based on time-of- 
flig ht measurements of CH 3 and SH phexofragments from 19 3- run 
photodissociation of CHySH in a supersonic molecular beam. 51 
Within combined uncertainties, the results repo rt ed in this study 
agree with all three literature values mentioned above. However, 
the error limits in the present study art somewhat smaller than 
those reported previously. 

Values for A// f *r(C H,S) r e ported in this study are compared 
with literature values in Table VIII. An early determination of 
A//f.2tt(CH 3 S), reported by Colussi and Benson, 5 ** involved 
studying the kinetics of benzylmethyl sulfide pyrolysis; their dau 
analysis required knowledge of the benzyl radical heat of for- 
mation. A number of subsequent evaluations of A/Zf^CHjS) 
have appeared in the literature 21 '* 0 -* 1 which involve reevaluation 
of Colussi and Benson's results based on different assumed values 
for (benzyl); the recommendation of Lias et al., 21 which 
shows the best agreement with our results, is based on an assumed 
benzyl heat of formation of 49 kcal mol" 1 , as recommended by 
Tseng.* 2 Janousek et al.* 3 have measured the electron affinity 
of CH 3 S and combined their result with gas-phase acidity dau 
for CH^H* 4 to derive a value for A/f r ^(CH 3 S) which agrees 
quite well with our findings S bum and Benson 20 have studied 
the kinetics of the I 2 4 CH 3 SH reaction over the temperature 
range 476-604 K and obtain a lower limit value for A// fJW (CH,S) 
which is consistent with our findings. Hence, the value for 
Atffj*i(CH)S) which we obuin from kinetics studies of reactions 
2 and -2 teems to be consistent with (but more precise than) most 
earlier work, although unceruinties in the heat of formation of 
benzyl radical* 1 -* 2 somewhat hinders the comparison. However, 
an interesting discrepancy exists between our results and the recent 
molecular beam photofragmenution studies of Nourbakhsb et 
tl ss.ts.M These authors have obuined three independent mea- 
surements of A// f .o(CHjS) based on time-of-flight measurements 
of photofragments from 193*nm photodissociation of CHjSH, 51 
CH 3 SSCH 3 ,* 3 and CH 3 SCH 3 ;** they report values for Aif ro - 
(CH>S) (with unceruinties of 1.5-2 kcal mof 1 ) which art all 3-4 
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kcal mo!* 1 higher than the value of 31.44 ± 0.54 kcal mol -1 
obtained in this study. The error in our determination of k 2 /k_ 2 
needed to rationalize a 5-4 kcal mol" 1 increase in A//f t0 (CH 3 S) 
is a factor of several hundred in the direction where k 2 would have 
to be slower or k_ 2 would have to be faster, errors of this magnitude 
seem unlikely. 

Summary 

Time-resolved resonance fluorescence detection of Br( 2 P 3/2 ) 
disappearance following 266-nm laser flash photolysis of 
CF 2 Br 2 /H 2 S/H 2 /N 2 , CF 2 Br 2 /CH>SH/H 2 /N 2 , CljCO/HjS/ 
HBr/N 2 , and CH 3 SSCH 3 /HBr/H 2 /N 2 mixtures has been em- 
ployed to study the kinetics of reactions 1, 2, -1, and -2 as a 
function of temperature. In units of 10" 12 cm 3 molecule’ 1 a' 1 , 
Arrhenius expressions which describe our results art k, ■ (14.2 
± 3.4) exp[(-2752 ± 90 )/7], k., - (4.40 ± 0.92) exp[(-971 ± 
73)/7], k 2 - (9.24 ± 1.15) exp[(-386 ± 41)/rj, and JL 2 - (1.46 
± 0.21) exp[(-399 ± 41 )/T). By examining Br^j/j) equili- 
bration kinetics following 355-nm laser flash photolysis of brj 
CH 3 SH/H 2 /N 2 mixtures, a 298 K rate coefficient of (1.7 ± 0.5) 
X 1C' 0 cm 3 molecule’ 1 a" 1 has been obtained for the CH,S + Br 2 
reaction. To our knowledge, these are the first kinetic data re- 
ported for each of the reactions studied. Comparison of A factors 
and activation energies for reactions 1, -1, 2, and -2 with known 
kinetic parameters for other radical + H^, CH 3 SH, HBr hy- 
drogen-transfer reactions suggests that both thermochemistry and 
electronic properties (i.c., IP - EA) exert important influences 
on observed reaction rates. 


Second and third law analyses of the equilibrium data, i.e., 
k,/k., and k 2 /k. 2 , have been employed to obtain the enthalpy 
changes associated with reactions 1 and 2. At 298 K. reaction 
1 is endothermic by 3.64 kcal mol" 1 while reaction 2 is exothermic 
by 0.14 kcal mol" 1 . Combining the experimentally determined 
enthalpies of reaction with the well-known heats of formation of 
Br, HBr, H^, and CH,SH gives the following beats of formation 
for RS radicals in units of kcal mo!" 1 : A//fVSH) * 34.07 ± 0.72, 

- 34.18 ± 0.68, A/ffVCHjS) - 31.44 ± 0.54; 

- 29.78 ± 0.44; errors are 2e and represent 
estimates of absolute accuracy. The SH beat of formation de- 
termined from our data agrees well with literature values but has 
reduced error limits compared to other available values. The CH^S 
beat of formation determined from our data is near the low end 
of the range of previous estimates and is 3-4 kcal mol’ 1 lower than 
values derived from recent molecular beam pbotofragmentation 
ftudies. u * M ' 45 
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ABSTRACT 

Some rccenl studies carried out in our laboratory arc described where laser (lash phololytic production of 
reaclanl free radicals has been combined with reactant and/or product detection using lime-resolved optical 
techniques to investigate the kinetics and mechanisms or important atmospheric chemical reactions. 
Discussed are (I) a study of the radical-radical reaction O + BrO -* Br + 0 2 where two photolysis lasers 
are employed to prepare the reaction mixture and where the reactants O and BrO are monitored 
simultaneously using atomic resonance fluorescence to delect O and multipass IJV absorption to delect 
BrO; (2) a study of the reaction of atomic chlorine with dimelhylsulfide (CH^SCH^) where atomic 
resonance fluorescence detection of Cl is employed to elucidate the kinetics and tunable diode laser 
absorption spectroscopy is employed to investigate the HCI product yield; and (3) a study of the aqueous 
phase chemistry of CL" radicals where longpath IJV absorption spectroscopy is employed to investigate 
the kinetics of the Cl 2 " + H 2 0 reaction. 


1. INTRODUCTION 

The combination of reactant radical production by laser flash photolysis (LFP) with reactant and product 
detection by limc-rcsolved optical techniques (TROT) has proven to be a powerful method for 
investigating the kinetics and mechanisms of important atmospheric chemical reactions. While not without 
limitations, this approach offers several advantages over other commonly used techniques. First, studies 
can be carried out which employ both short reaction times and low radical concentrations, thus minimizing 
interferences from secondary reactions. Secondly, in gas phase studies a wide range of pressure, covering 
more than five orders of magnitude for some detection techniques (0.001 - 200 atmospheres), is 
experimentally accessible. Finally, and probably most importantly, the chemistry of interest occurs in 
complete isolation from reactor surfaces, so interferences from heterogeneous reactions can be completely 
avoided. 

In this paper some recent LFP-TROT studies conducted in our laboratory are described. These include 
a study of the kinetics of the radical-radical reaction O + BrO -+ Br + 0 2 , a kinetic and mechanistic study 
of the Cl + CHtSCH* reaction, and a study of the potentially important eloudwater reaction or Cl 2 “ 
radicals with H ? 0 where very sensitive detection or Cl 2 ‘(aq) by multipass UV absorption spectroscopy 
provides information not attainable using less sensitive detection techniques. 

Z THE O + BrO REACTION 

llie radical-radical reaction of ground stale atomic oxygen (O = O(T)) with bromine monoxide is the rate- 
determining step in a potentially important mid-stratospheric ozone destruction cycle: 
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Br + 0 3 -* BrO + 0 2 

BrO + O -* Br + 0 2 


NET: O + Oj - 20j 

The only value for Ihe BrO + O rate coefficient reported in the literature, k 2 (298 K) = (2.5*j^) x 10" 
cm’molccule 's \ is based on measurements of O atom consumption rales and Br atom production rales 
observed in a study which was actually designed to measure the O + Br 2 rale coefficient. 1 

Traditionally, most studies of radical-radical reaction kinetics have employed flow lube techniques. 2 
Advantages of the fltrw lube method which make it well-suited for studying radical-radical reactions include 
the following: (1) absolute concentrations of unstable chemical species can be readily determined via 
chemical titration; (2) unstable reactants can be generated in spatially separated regions, thus allowing 
improved control over potential chemical interferences; and (3) multiple detection axes can be readily 
employed. Our study of O + BrO kinetics attempts to preserve the advantages of the flash photolysis 
method (discussed in the introduction), while also incorporating some of the advantages of the flow tube 
method. The experimental approach is an improved version of one we have employed previously to study 
the kinetics of the O + H0 2 17 and O + CIO' reactions. Despite improvements in experimental 
sophistication, however, the O + BrO study has proven quite challenging due to difficulties in controlling 
interferences from unwanted side reactions. 

To study O + BrO kinetics, a reaction mixture containing 0 3 , Br 2 , and N 2 is subjected to 24# nm laser flash 
photolysis using a KrF cxcimer laser. Concentrations are (5-30) x 10 M O, per cm 1 , (3-20) x I O’ 2 Br, per 
cm 1 , and 25-150 Torr N 2 . The laser fluencc is sufficient to produce O atoms in 5-10 fold excess over Br 2 : 

O, + hv(248 nm) -* O('D) + 0 2 ('A), <t> - 0.9 (3a) 

- O(’P) + O^X 1 !) - 0.1 (3b) 

O('D) + N 2 -> Of’P) + N 2 (4) 

Ozone photolysis at 248 nm produces primarily electronically excited singlet products.* However, at the 
N 2 levels employed in the experiment, relaxation of O('D) to ground stale 0( 7 P)(sO) atoms occurs on a 
sub-microsecond lime scale. 7 Subsequent to O('D) relaxation, O atoms titrate Br 2 to BrO and the catalytic 
cycle defined by reactions (1) and (2) converts all remaining O atoms to 0 2 : 


0 ) 

( 2 ) 


O + Br 2 

-*■ BrO + Br 

(5) 

Br + O-, 

-* BrO + 0 2 

(1) 

O + BrO 

•* Br + 0 2 

(2) 


The O + BrO reaction is sufficiently exothermic to generate atomic bromine in the excited spin-orbit 
electronic stale Br^Pi/j). However, relaxation to the ground electronic slate, Br( 2 P V2 ), via collisions with 
N 2 is rapid compared to the time scale for bromine atom reaction.* The kinetics of reactions (1 ) and (5) 
are well established, having been investigated recently in our laboratory 7,10 as well as elsewhere." 

If the chemistry in the Oj/Br 2 /N 2 photolysis system were completely described by reactions (I) - (5). then 
we could evaluate the O + BrO rale coefficient based on measurements of the O atom decay rale at long 
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limes afler Ihe laser flash, i.c., when |Br 2 | 0. However, there arc complicating side reactions which must 

be considered: 


BrO + BrO 

- 2 Br + O* 

<J> - 0.84 

(6a) 


~ * Br 2 + O 2 . 

<D - 0.16 

(6b) 

Orf’A) + o 3 

- O + 2 0 2 


(7) 


The kinetics of reactions (6a), (6b), and (7) arc reasonably well-established. 11 Reaction (6b) results in 
regeneration of some Br 2 on the lime scale for O decay. The relatively slow reaction (7) prevents complete 
decay or O atoms. Instead, a near-slcady-statc situation is established at long time after the excimcr laser 
(lash where O production via reaction (7) and O loss via reactions (2) and (5) Occur at similar rbles; as a 
result, quantitative information about the O + BrO rate coefficient is not easily obtained from the oxygen 
atom temporal profile. To circumvent the above complications, we employ a second photolysis laser. 
Afler the near-steady stale oxygen atom concentration is established, 532 nm radiation (Nd:Yag laser, 2nd 
harmonic, 7 ns pulsewidlh) is employed to photolyze a small fraction of the remaining O v thus perturbing 
the steady state O atom concentration. Computer simulations show that relaxation of the O atom 
concentration back to steady stale is dominated by the O 4- BrO reaction. 

A schematic diagram of the apparatus for the O 4 BrO kinetics study is shown in Figure 1. A "slow flow" 
configuration is employed such that the reaction mixture is essentially static on the lime scale of the 
experiment (10-50 milliseconds) but is completely replaced during the 5-10 seconds between cxcimer la\er 
Hashes. The reaction cell is jacketed to allow control of temperature by (lowing a cooled or healed fluid 
through the outer jacket (which is not shown in Figure 1). Ground stale oxygen atoms are monitored by 
lime-resolved atomic resonance fluorescence spectroscopy 10 while BrO radicals arc monitored by lime- 
resolved UV absorption spectroscopy at 338.3 nm, the peak of the strongest band in the BrO A-X 
spectrum: 12 details of our application of the long path absorption technique arc given elsewhere. 1 * 04 A dual 
channel signal averager simultaneously accumulates the O atom fluorescence signal in the multichannel 
scaling mode (i.e., photon counting techniques are employed to process the fluorescence signal) and the 
BrO absorption signal in the peak height analysis mode. A segmented aperture optical integrator is 
employed to make the cxcimer laser photolysis beam spatially uniform. Hence, the cxcimer laser photolysis 
flash produces a spatially uniform concentration of oxygen atoms. Several hundred (lashes are typically 
averaged to obtain the desired O and BrO temporal profiles. The shol-lo-shol stability of the cxcimer laser 
is about ± 10%. Because experimental conditions are such that |0| 0 > IBr^ ten percent fluctuations in 
excimer laser fluencc result in very small shot-lo-shol variations in [BrO) t . 

Results from a typical experiment are summarized in Figures 2-4; the experimental conditions employed 
to obtain the results in Figures 2-4 are as follows: T = 298K; P = 50 Torn |0 3 | 0 = 7.68 x 10 14 per cm*, 
|Br 2 | e = 1 .56 x 10 w per cm* |0| 0 = 8.6 x 10 w per cm* time delay between the cxcimer and Nd:Yag laser 
pulses * 0.025 seconds. Observed O and BrO temporal profiles arc shown in Figure 2. At short times 
when |0| is very high, the fluorescence signal is reduced due to radiation trapping effects: hence, the 
fluorescence signal is proportional to the O atom concentration only afler the signal has decayed 
significantly from its peak value. Computer simulations of the O, BrO, and Br 2 temporal profiles arc 
shown in Figure 3. The simulations were obtained by numerical integration of the rate equations assuming 
that the chemistry governing the desired temporal profiles is described completely by reactions (1 ), (2), (5), 
(6), and (7), and using the best available kinetic data from the literature;* 11 since |BrO| values arc based 
(at least in part) on the simulations, an iterative prcxxxiure was required in order to allow the value of k< 
determined from our data to be used in the simulations. Comparison of simulated O and BrO temporal 
profiles with experiment shows qualitative but not quantitative agreement. The simulated O decay to 
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steady stale is somewhat faster than that observed experimentally, the simulated BrO appearance rale is 
a little slower than that observed experimentally, and the simulated BrO decay is a little faster than that 
observed experimentally. Typically, we find that the simulated BrO concentration at the lime the Nd:Yag 
laser fires is about 10% lower than the concentration derived from the measured BrO absorbance using 
the best available literature value for the BrO absorption cross section at 338.3 nm 12 to convert absorbance 
to concentration. The difference between observed and simulated O and BrO temporal profiles could 
indicate that the chemistry in the model is incomplete or that one or more rale coefficients for reactions 
(1), (2), (6), and/or (7) arc inaccurate. Another possibility which may account for all observations is the 
production of electronically excited oxygen, 0 2 {'&), as a product of the O + BrO reaction. The oxygen 
atom fluorescence data around the time that the 532 nm laser fires is shown in Figure 4. Ibe solid "base 
line" is obtained from fitting the data in the -10 to -0.1 ms and 7 to 14 ms time intervals to a double 
exponential decay function. The relaxation of the O atom population generated by the 532 nm laser is 
found to be exponential; for the data shown in Figure 4, the relaxation lime (r) is 950 microseconds. A 
plot of k' (= r '), the pseudo-first order rate or O atom relaxation back to steady stale following the 532 
nm laser pulse, versus |BrO| is shown in Figure 5; the BrO concentrations arc those obtained from the 
computer simulations of system chemistry. Also shown in Figure 5 is the k' versus |BrO| data corrected 
lor the contribution to the O decay from the O + Br 2 reaction; in this case (which is typical of all pressures 
and temperatures examined) about 10% of the oxygen atom decay is altributablc'lo the O + Br 2 reaction. 
The slope of the corrected k' versus |BrO| plot gives a rate coefficient of 4.8 x 10 11 cm ‘'molecule ‘s 1 for 
the O + BrO reaction at 298 K in 50 Torr N 2 . 



Fig. 1. Apparatus for the O + BrO kinetics study. 
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Fig. 2. Typical O and BrO temporal 

profiles. T = 298 K, P = 50 Torr. 
|0 7 | 0 , |Q| 0% and |Br 2 | c in unils 
of I0 n cm 1 = 76.8, 8.6, and 
1.56, respectively. 


Fig. 3. Q)mpuler simulation of temporal 
profiles. Experimental conditions 
same as Fig. 2, but no 532 nm 
laser pulse. 



Fig. 4. O alom temporal profile around 
the lime that the 532 nm laser 
fires; same data as in Fig. 2 
but with scales expanded. 



Fig. 5. Plots of k' versus |BrO|. 

T = 298 K, P = 50 Torr. Open 
circles are corrected for the 
O + Br 2 contribution. 


6 / SPIE Vol. 1715 Optical Methods in Atmospheric Chemistry (1992) 


116 


Wc have investigated the kinetics of the O + BrO reaction at 298 K over the pressure range 25 - 150 Torr 
and at 50 Torr pressure over the temperature range 233 - 328 K. Wc find that k 5 (298 K) = (4.4 ±0.6) x 
10 " cm ’molecule's' 1 and that k s (T) = (24±0.4) x 10 " exp |(190±100)/TJ cm ’molecule 's', i.e., k 5 increases 
slightly with decreasing temperature; "negative activation energies" are often observed for radical-radical 
reactions because the potential energy surface typically contains a minimum corresponding to a bound 
intermediate complex (BrOO in the case of reaction (5)). 

At this lime the O + BrO kinetic results reported above must be considered preliminary. In particular, 
the potential importance of O^'A) or O^'Z) production from reaction (5) needs to be addressed. As 
mentioned above, a high yield of O^'A) from reaction (5) could account for important differences between 
observed and simulated O and BrO temporal profiles; however, 0 2 ('A) production could have only a small 
effect on the simulated BrO concentration at the time the 532 nm laser fires and. therefore, would not 
significantly alter reported values for k$. Production of 0 2 ('Z) as a product of the O + BrO reaction Is 
potentially a more serious problem because the O^'Z) + Oj reaction is several orders of magnitude faster 
than the 0 2 ('A) + O^ reaction. 15 

0 2 ('Z) + O, - O + 2 0 2 (H) 

Hence, any O atoms which reacted with BrO to form O z ('Z) would immediately be regenerated via 
reaction (8). Since efficient 0 2 ('Z) quenchers which are also chemically inert in the Oi/Btj/Nj photolysis 
system do not seem to be available, direct evidence Tor 0 2 ('Z) production will require observation of its 
infrared emission in an experimental system where Oi is not present. Adiabatic correlation arguments'* 
as well as statistical arguments (i.e., arguments based on the assumption that all sets of energetically 
accessible product quantum states are equally probable) suggest that the 0 2 ('Z) yield from reaction (5) 
should be very small; however, experimental confirmation that this is the case would be highly desirable. 
Our results indicate that the O + BrO reaction is considerably faster than previously thought, even though 
we are observing only those reaction channels which produce 0 2 in the X’Z or 'A stales. 

3. KINETIC AND MECHANISTIC STUDY OF THE a + CHjSCH 3 REACTION 

It has recently been suggested that significant chlorine concentrations may be present in the marine 
boundary layer, possibly as a result of CIN0 2 or Cl 2 generation via reactions on surfaces of marine aerosol 
particles.'* A recent competitive kinetics study of reaction (9) at 298 K in one atmosphere of air 17 suggests 
that this reaction is extraordinarily fast, i.e., k,(298 K) = 3.2 x Kb 10 cm’molecule 's '. 

Cl + CH 3 SCH 3 - products (9) 

Combining the above result with the findings of our study of the kinetics and mechanism of the OH + 
CHjSCH* (DMS, dimelhylsulfide) reaction 1 * suggests that kyk| 0 - 50 at 298 K and one atmosphere of air. 

OH + CHjSCH, - products (10) 

DMS is the dominant reduced sulfur species in the marine boundary layer and its primary removal 
mechanism from the atmosphere is thought to be reaction with OH. Hence, if Cl concentrations in the 
marine boundary layer are as large as 10* atoms per cm\ and if reaction (9) is as fast as the available 
kinetic data 17 suggest, then the Cl + DMS reaction could be very important in marine atmospheric 
chemistry. 

The above considerations have led us to carry out a detailed study of the kinetics and mechanism of the 
Cl + DMS reaction. Laser flash photolysis of CI 2 CO (phosgene) at 266 nm was combined with limc- 
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resolved alomic resonance fluorescence detection of chlorine atoms to measure values for kq as a function 
of temperature and pressure. A complete description of the experimental approach can he found in a 
recent publication describing our study of the complex Cl + CS 2 reaction. AJI experiments were carried 
out under pseudo-first order conditions with DMS in large excess over chlorine atoms. Observed chlorine 
atom decays were exponential and increased linearly as a function of |DMS|, as would be expected if 
chlorine atom removal is dominated by reaction with DMS. The bimolccular rate coefficients of interest, 
k q (P,T), are obtained from the slopes of plots of k\ the pseudo-first order decay rale, versus DMS 
concentration; measured rale coefficients at 239 K, 297 K, and 421 K are plotted as a function of pressure 
in Figure 6. Our results confirm that reaction (9) occurs on virtually every Cl-DMS encounter. The 
reaction rate is found to increase with decreasing temperature as would be expected for a very fast reaction 
whose rale is determined by the magnitude of long range attractive forces between the reactants. The 
surprising aspect of the data in Figure 6 Is our observation of a clear pressure dependence for k* at least 
at temperatures of 297 K and below. Reaction (9) appears to occur via both pressure-independent and 
pressure-dependent pathways; the pressure-dependent pathway must involve colllsional stabilisation of a 
(CH^jS-CI adduct. 




P (Torr) 


Fig. 6. R;ile constants for the Cl + DMS reaction as a function of temperature and pressure. 
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To gain further insight into the mechanism for reaction (9), we have carried out additional experiments 
where laser flash phololytic production of Cl (via 248 nm photolysis of phosgene) has been coupled with 
tunable diode laser absorption spectroscopy (TDLAS) to measure the HCI product yield at 297 K as a 
function of pressure. A schematic of the LFP-TDLAS apparatus is shown in Figure 7. Hie excimcr laser 
photolysis beam and the diode laser probe beam traverse the onc-mcler-long reaction cell coaxially; the 
beams are combined and separated using dichroic optics. Hie experiments are carried out under slow flow 
conditions as described above Tor the O + BrO study. An absorption cell is positioned in the flow system 
upstream from the reaction cell to allow UV photometric monitoring of the CI 2 CO concentration. Other 
important components of the apparatus arc a He/Ne alignment laser, a liquid helium closed cycle 
refrigerator which uxjIs the diode laser housing, electronics for controlling the diode laser frequency via 
temperature or current tuning, an infrared monochromator for diode laser mode isolation, and infrared 
detectors with associated electronics for monitoring the transmitted intensities of the probe and reference 
beams. To obtain the HCI yield we carry out back-to-back experiments where the phololytically produced 
Cl reacts with DMS, then with ethane (QH*); the yield of HCI from the Cl + C^H* reaction Is krtown to 
be unity. About I Torr of C0 2 is added to the reaction mixture to facilitate rapid relaxation of any HCI 
which is formed in the v = 1 level. Typical data, obtained in 10 Torr N 2 buffer gas, are shown in Figure 
K. It is clear from the data in Figure R that HCI is a major product of reaction (9). However, it is also 
clear that the HCI yield is less than unity. A plot of the HCI yield as a function of pressure is shown in 
Figure 9. The HCI yield approaches unity as P 0, but decreases with increasing pressure. 
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Fig. 7. Apparatus for LFP-TDLAS measurements of the HCI yield from the Cl + DMS reaction. 
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Fig. 8. Typical HCI yield data. 

P = 10 Torr, T = 298 K. 
Ethane and DMS concentra- 
tions in units of 1 0’ 4 cm 1 
are 1.5 and 1.1, respectively. 
The diode laser is swept back 
and forth through an HCI 
absorption feature, thus' 
obtaining a concentration 
measurement every 50 ps. 
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Possible reaction channels for the Cl + DMS reaction include the following: 


Cl + CH 3 SCH 3 - [CH 3 S(CI)CH 3 ]* 


CHjSCHj + HCI 

(11a) 



CH 3 SC1 + ch 3 

(11b) 



CHjS + CH 3 C1 

(11c) 


a 

CH 3 S(C1)CH 3 

(lid) 


Comparison of the kinetic data and the HQ yield data strongly suggests that reaction (1 la) is the dominant 
channel in the low pressure limit, but that reaction (lid) becomes competitive at higher, pressures. 
Whether the adduct formed via reaction (lid) is stable on the time scale of our experiment, err decomposes 
to products other than HQ or Q, remains to be determined. 

4. LABORATORY STUDIES OF FREE RADICAL CHEMISTRY IN CLOUD WATER 

Free radical reactions occurring in cloud water play a role in the generation of acid precipitation 2 " and may 
affect gas phase concentrations of key species such as 0 3 , HO r and NO, in the remote troposphere. 21 In 
recent years we have developed a laser flash photolysis - long path absorption (LFP-LPA) technique for 
studying the kinetics of aqueous phase free radical reactions, and applied the technique to studies of 
potential importance in cloud chemistry. 22 25 The improved sensitivity afforded by the LPA detection 
technique has allowed us to carry out kinetics studies employing much lower radical concentrations than 
have typically been employed in pulse radiolysis and/or flash phoiolyis studies; examples of results which 
could only be obtained because of this improved detection sensitivity include (1 ) our measurement of the 
rate coefficient for the slow S0 4 ‘ + H 2 0 reaction 23 and (2) our demonstration that previous measurements 
of the SCV + HS0 3 " rate coefficient had not (as had been suggested in the literature) been affected by 
secondary reactions which regenerate S0 4 ”. 24 

In order to further improve the ultimate detection limit of our LFP-LPA apparatus, we have recently 
constructed a new reactor which is considerably longer than the reactor we employed in earlier studies. 22 24 
A cylindrical lens is employed to expand the excimer laser photolysis beam in the horizontal direction, thus 
allowing a 10 cm wide region of the reaction cell to be photolyzed. We typically employ 34 passes of the 
probe light through the reactor, giving an absorption pathlength of -340 cm. 

Chlorine radical chemistry initialed by, for example, pulse radiolysis of N 2 0-saturatcd chloride solutions, 
is quite complex; the following three rapid equilibria are thought to be involved: 26 


oh + a- ~ 

HOCI- 

(12,-12) 

HOCI- + H + 

ci + h 2 o 

(13,-13) 

ci + a- 

Of 

(14,-14) 


At relatively high |Q’l and [H*], the radical pool in the above equilibria exist almost entirely as Q 2 ', a 
species which absorbs strongly in the near UV (e. al - 8800 M 'em 1 , X mkt ~ 340 nm); 26 both HOG" and Cl 
also absorb in the near UV, but not as strongly as CV. 26 * 27 A convenient method for generating chlorine 
radicals by flash photolysis is as follows: 
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S 2 0, J + hv 

- 2 SO," 

(15) 

SO," + Cl" 

- Cl + so 4 z . 

(16) 


S 2 0* 2 can be phololyzcd cITicicnlly al the cxcimcr laser wavclenglh 248 nm, and docs nol read al an 
appreciable rale with SO*’, OH, Cl, Cl 2 *\ or HOCI’. Reaction (16), which happens to be the dominant 
sink Tor chloride in cloud water, 24 is reasonably fast with k, 6 (2V8 K) - 2.6 x 1(>* M *s 1 in the limit of zero 
ionic strength. 24 3 

In a recent study of chlorine radical chemistry initiated by reaction (16) McHlroy 2 * concludes that the 
Cl 2 " 4- H 2 0 reaction proceeds al a rale of 13(X) s\ a result which, if correct, has important implications 
for chlorine radical chemistry in cloud water. 

i * ■ * * 

C1 2 " + H 2 0 -* prcxlucls (17) 

Wc have tried lo observe a first order decay of C1 2 " under conditions of high Cl" (0.1 M) and low pH ( I . f ). 
These experiments were carried out using extremely low Cl 2 " concentrations (in the nanomolar range) to 
minimize contributions from the Cl 2 " self reaction; the |S 2 0* 2 "| and ISO," | employed in our study are about 
three orders of magnitude lower than employed by McElroy. 2 * Typical data are shown in Figure 10. Al 
very low radical concentrations, wc observe decay rales slower than 10 s ' which decrease with decreasing 
laser power at constant |S 2 0* ? |: these observations suggest that even the very slow decays we observe are 
not due to reaction (17). but instead were due to a radical-radical reaction. It is p<»siblc (or even likely) 
that if reaction (17) occurs, the product is a radical s|>ecies which would rapidly react to regenerate Cl 2 ", 
i.c., OH, Cl. or HOCI”. Experiments are currently in progress to examine this possibility. 



Fig. 10. Cl 2 * temporal profiles 

observed following 248 nm 
laser flash photolysis of 
1tb s M SjO^VU.l M 
CF/0.08 M H‘. Higher laser 
power was employed to 
obtain (a). Best fit first 
order decay rales arc 
(a) 15.8 s ' and (b) 7.3 s '. 
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Chapter 7 


Deuterium Substitution Used as a Tool 
for Investigating Mechanisms of Gas-Phase 
Free-Radical Reactions 


P. H. Wine, A. J. Hynes, and J. M. Nicovich 

Physical Sciences Laboratory, Georgia Tech Research Institute, Georgia 
Institute of Technology, Atlanta, GA 30332 


Results are presented and discussed for a number of gas 
phase free radical reactions where H/D isotope effects provide 
valuable mechanistic insights. The cases considered are (1) 
the reactions of OH, NO* and G with atmospheric reduced 
sulfur compounds, (2) the reactions of OH and OD with 
CH 3 CN and CD 3 CN, and (3) the reactions of alkyl radicals 
with HBr and DBr. 


A major focus of modem chemical kinetics research is on understanding 
complex chemical systems of practical importance such as the atmosphere 
and fossil fuel combustion. In these applications, accurate information on 
reaction mechanisms (i.e., product identities and yields) as well as reaction 
rate coefficients is often critically important Since detailed experimental 
kinetic and mechanistic information for every reaction of importance in a 
complex chemical system is often an unrealizable goal, it is highly desirable 
to develop a firm theoretical understanding of well studied reactions which 
can be extrapolated to prediction of unknown rate coefficients and product 
yields. 

In recent years it has become apparent that many reactions of 
importance in atmospheric and combustion chemistry occur via complex 
mechanisms involving potential energy minima (Le., weakly bound interme- 
diates) along the reaction coordinate. The OH + CO reaction is one of the 
best characterized examples (J). While theoretical descriptions can some- 
times be employed to rationalize experimental observations (2-3), a theoreti- 
cal framework does not yet exist for predicting complex behavior. In this 
paper we discuss some experimental studies carried out in our laboratory 
over the last several years which were aimed at characterizing the kinetics 
and mechanisms of a number of complex chemical reactions of practical 
interest Mechanistic details were deduced in part from studies of the 
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effects of temperature, pressure, and [OJ on reaction kinetics and from 
direct observation of reaction products. However, studies of H/D isotope 
effects were also employed as a tool for deducing reaction mechanisms; 
information obtained from the isotope effect studies is highlighted in the 
discussion. 

The chemical processes we have chosen for discussion are (1) the 
reactions of OH, NO* and Cl with atmospheric reduced sulfur compounds 
(2) the reactions of OH and OD with CH 3 CN and CD 3 CN, and (3) the 
reactions of alkyl radicals with HBr and DBr. The experimental methodolo- 
gy employed to investigate the above reactions involved coupling generation 
of reactant radicals by laser flash photolysis with time resolved detection of 
reactants and products by pulsed laser induced fluorescence (OH and OD), 
atomic resonance fluorescence (Cl and Br), and long path tunable dye laser 
absorption (N0 3 ). 

The Reactions of OH, NO* and Q with Atmospheric Reduced Sulfur 
Compounds 

Dimethylsulfide (CH 3 SCH* DMS) emissions into the atmosphere from the 
oceans are thought to account for a significant fraction of the global sulfur 
budget ( 4 ). It has been suggested that DMS oxidation in the marine atmo- 
sphere is an important pathway for production of cloud condensation nuclei 
and, therefore, that atmospheric DMS can play a major role in controlling 
the earth Is radiation balance and climate (5). Hence, there currently exists 
a great deal of interest in understanding the detailed mechanism for oxida- 
tion of atmospheric DMS. 

It is generally accepted that the OH radical is an important initiator 
of DMS oxidation in the marine atmosphere (4). Several years ago, we 
earned out a detailed study of the kinetics and mechanism of the OH + 

DMS reaction (d). We found that OH reacts with DMS via two distinct 
pathways, one of which is only operative in the presence of O* and one of 
which is operative in the absence or presence of 0 2 (see Figure 1). The 
rate of the O r dependent pathway increases with increasing [0 2 ], increases 
dramatically with decreasing temperature, and shows no kinetic isotope 
effect, i.e., CH^CHs and CDjSCI^ react at the same rate. These obser- 
vations indicate that the Ordependent pathway involves formation of a 
weakly bound adduct which reacts with 0 2 in competition with decomposi- 
tion back to reactants. 

OH + CH*SCH 3 + M? (CH^OH + M (1,-1) 

(CH^OH + 0 2 — products (2) 

The absence of a kinetic isotope effect -strongly suggests that none of the 
three elementary steps in the above mechanism involve breaking a C-H 
bond. 
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Figure 1. Arrhenius plots for the OH + CD 3 SCD 3 reaction in 700 Ton 
N 2 , air, and 0 2 . k Qbs = the slope of a plot of the pseudo-first order OH 
decay rate versus the CD 3 SCD 3 concentration under conditions where the 
adduct (CD 3 ) 2 SOH is removed much more rapidly than it is formed. 
(Reproduced from reference 61 Copyright 1987 American Chemical 
Society.) 
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The Orindependent channel for the OH + DMS reaction proceeds 
with a 298K rate coefficient of 4.4 x 10* u cmhuolecule^s' 1 ; in one atmo- 
sphere of air, the Orindependent channel is dominant at T > 285K while 
the Ordependent channel dominates at lower temperatures ( 6 ). We find 
that the rate of the O r independent channel is pressure independent but 
increases slightly with increasing temperature (small positive activation 
energy). Furthermore, the Orindependent channel displays a significant 
kinetic isotope effect, k i 4 /k D - 2.3 at 298K. Based upon the observed 
positive activation energy and significant isotope effect, we have postulated 
( 6 ) that the Orindependent pathway is a direct hydrogen abstraction * 
reaction, Le., there is no potential energy minimum (corresponding to an 
OH-DMS adduct) on the potential energy surface connecting reactants with 
products. 


OH + CH 3 SCH 3 - CH,SCH 2 + H 2 0. (3) 

Interestingly, Domine et al (7) have recently observed production of QH* 

+ CH 3 SOH from the reaction of OH with C 2 H 5 SCH 3 at low pressure and in 
the absence of O* although the branching ratio for production of + 
CH 3 SOH remains rather uncertain. By analogy, Domine et \ results 
suggest that the 0 2 -independent pathway in OH + DMS may involve 
cleavage of the relatively weak C-S bond rather than the C-H bond. 

OH + CH 3 SCH 3 - [(CHj^OH*] -> CH 3 + CHjSOH (4) 

If the Orindependent pathway for OH + DMS is reaction 4 rather than 
reaction 3, then the H/D isotope effect we have observed ( 6 ) would, to our 
knowledge, be the largest secondary isotope effect known for a gas phase 
reaction. Qearly, direct determination of the product yields from the O r 
independent channel of the OH + DMS reaction could have a major 
impact not only on our understanding of atmospheric sulfur oxidation, but 
also on our understanding of chemical reactivity in general and kinetic 
isotope effects in particular. 

In coastal marine environments where NO, levels are relatively high, 
it is generally believed that N0 3 can compete with OH as an initiator of 
DMS oxidation (4). The 298K rate coefficient for the NO a + DMS reaction 
is known to be about 1 x Iff 12 cmhnolecule’V 1 (8-1 J) and a significant 
negative activation energy has been reported ( 12 ). The reaction of N0 3 
with DMS could proceed via direct H or O atom transfer or via formation 
of long-lived adduct 

N0 3 + CHjSCH* - CHjSCHa + HN0 3 (5) 

N0 3 + CHjSCHj - (CH 3 )jSO + N 0 2 ( 6 ) 

NO, 4- CH^CH, + M * (CHjjjSONO, + M (7,-7) 
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Attempts to detect N0 2 as a reaction product have been unsuccessful ( 9,12) 
suggesting that O atom transfer via either a direct mechanism or via adduct 
decomposition is unimportant As pointed out by Atkinson et aL (8), the 
NO* + DMS reaction is several orders of magnitude faster than the known 
rates of H*abstraction of, for example, relatively weakly bound aldehydic 
hydrogens by NO*; this fact, coupled with the observed negative activation 
energy ( 12 ), strongly suggests that the NO* + DMS reaction does not 
proceed via a direct H-abstraction pathway. By the process of elimination, 
it is generally accepted that the initial step in the NO* + DMS reaction is 
adduct formation, Le., reaction ( 7). 

In a recent study of the kinetics of N0 3 reactions with organic 
sulfides (1J), we observed a large kinetic isotope effect for the N0 3 + DMS 
reaction; at 298K N0 3 reacts with CH*SCH* a factor of 3.8 more rapidly 
than with CD3SCD*. The observed isotope effect, coupled with the observa- 
tion that at 298K C2H3SC2H5 reacts with N0 3 a factor of 3.7 more rapidly 
than does CH*SCH*, clearly demonstrates that the adduct decomposes via a 
process which involves C-H bond cleavage. A very recent chamber study by 
Jensen et al. (14) confirms the magnitude of our reported isotope effect and 
reports quantitative observation of HNO* as a reaction product 

(CH 3 ) 2 S0N0 2 + M - CH*SCH 2 + HN0 3 + M (8) 

As we discuss elsewhere (1J), the postulate that the N0 3 + DMS reaction 
proceeds via reactions 7, -7, and 8 appears to be consistent with all available 
product data. 

It is interesting to compare and contrast kinetic and mechanistic 
findings for the N0 3 + DMS reaction, with those for the reaction of OH 
with CH 3 SH. Like NO* + DMS, the OH + CH*SH reaction becomes faster 
with decreasing temperature (15-18), suggesting that the initial step in the 
mechanism is adduct formation. 

OH + CH*SH + M? CH*S(OH)H + M (9) 

Also, as appears to be the case for NO* + DMS, the OH + CH*SH reac- 
tion is known to give H-abstraction products with unit yield (19). 

CH*S(OH)H + M- CH*S + H 2 0 (10) 

Hence, there are important similarities between the NO* + DMS and OH 
+ CH*SH reactions. However, there are also important differences. First, 
at 298K the OH + CH*SH reaction is about 30 times faster than the NO* + 
DMS reaction. Secondly, while NO* + DMS displays a large H/D kinetic 
isotope effect (see above), isotope effects in OH reactions with CH*SH, 
CD*SH, and CH*SD are minimal (17,18). These reactivity differences can 
be rationalized by postulating that decomposition of (CHj^ONO* to 
products competes relatively unfavorably with decomposition back to 
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reactants (Le. k. 7 > > k«), whereas decomposition of CH 3 S(OH)H to prod- 
ucts is much faster than decomposition back to reactants (Le. k. f < < k 10 ). 
Hence, the rate of the adduct product step, which should be sensitive to 
isotopic substitution, strongly influences the overall rate of the N0 3 + DMS 
reaction but does not influence the overall rate of the OH + CH>SH 
reaction. 

Recently in our laboratory we have investigated the kinetics of 
chlorine atom reactions with CHjSH, CDjSD, HjS, and D*S (2(7) as a 
function of temperature. There have been no previous reports of the 
temperature dependence of the Cl + CHjSH rate coefficient and no * 
previous kinetics studies of Cl reactions with CDjSD or D 2 S. Nesbitt and 
Leone (21,22) have shown that, at 298K, the Cl + CHjSH reaction occurs 
at a gas kinetic rate (k - 1.84 x 10* 10 cm^molecule'V 1 ) and that k n /k 12 - 45. 

Q + CHjSH - CHjS + HQ (11) 

Q + CHjSH - CHjSH + HQ (12) 

Several kinetics studies of the Q + H*S reaction have been reported ( 21,23 - 
27) with published 298K rate coefficients spanning the range (4.0 - 10.5) x 
10* n cm^molecule^s’ 1 . Two temperature dependence studies (26,27) both 
conclude that the Q + H 2 S rate coefficient is temperature independent 
Internal state distributions in the HQ product of Cl + H 2 S and O + 

CH 3 SH (28,29) and the SH product of Q + HjS (29) have also been 
reported 

Arrhenius plots for reactions of Q with H 2 S, DjS, CHjSH, and 
CD 3 SD are shown in Figure 2. Arrhenius expressions derived from our data 
are as follows (units are 10* 13 cm 3 molecule 3 s* 3 ; errors arc 2c r, precision only): 

Q + H 2 S: k « (3.60 ± 0.26) exp [(210 ± 20)/T], 202-430K 

a + DjS: k = (1.65 ± 0.27) exp [(225 ± 45)/T], 204-431K 

Q + CHjSH, CD*SD: k ■= (11.9 ± 1.7) exp [(151 ± 38)yT], 193-430K 

Kinetic data for CHjSH and CDjSD were indistinguishable so one 

Arrhenius expression incorporating all data is presented One important 
aspect of our results is that all reactions are characterized by small but well- 
defined negative activation energies, suggesting that long range attractive 
forces between S and Q are important in defining the overall rate coeffi- 
cient Our interpretation of observed kinetic isotope effects follows the 
same arguments as employed above in the comparison of N0 3 + DMS with 
OH + CHjSR In the case of the Q + CHjSH reaction, adduct decompo- 
sition to products is apparently fast compared to adduct decomposition back 
to reactants whereas in the case of the Q + HjS reaction the two adduct 
decomposition pathways occur at competitive rates. This argument seems 
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Figure 2. Arrhenius plots for the reactions of chlorine atoms with F^S 
(O), D 2 S (#), CH 3 SH (□), and CD 3 SD (■). Error bars are 2 c and 
represent precision only. Solid lines are obtained from linear least squares 
analyses which yield the Arrhenius parameters given in the text. 
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reasonable since we expect HjSQ to be a less strongly bound species than 
CHjSCQ)^ thus making adduct decomposition back to reactants consider- 
ably more rapid for Q + HjS than for Q + CHjSH. The relative stabilities 
of the adducts can be predicted based on the facts that a methyl group 
releases electron density to the sulfur atom more efficiently than does a 
hydrogen atom {30), and that the ionization potential of CHjSH is about 1 
ev lower than the ionization potential of HjS {31), thus facilitating the 
formation of a more stable charge transfer complex in the G + CHjSH 
case. 

*■ 

The Reactions of OH and OD with CH 3 CN and CD 3 CN 

Acetonitrile (CH 3 CN) is present at significant levels in both the troposphere 
and the stratosphere, and has been implicated in stratospheric ion chemistry 
{32-3S). Reaction with OH is generally thought to be a major atmospheric 
removal mechanism for acetonitrile (35). Early studies of the kinetics of the 
OH 4* CH 3 CN reaction demonstrated that k(298K) - 2 x 10* 14 cmhnolecule* 

V and that E** - 2 kcal mole* 1 {36-41)\ it has generally been thought that 
reaction proceeds via a direct H-abstraction mechanism {40-42). 

We recently carried out a detailed study of the hydroxyl reaction with 
acetonitrile which demonstrates that the reaction mechanism is considerably 
more complex than previously thought {43). The kinetics of the following 
four isotopic variants were investigated: 


OH + CHjCN — products 

( 13 ) 

OH + CDjCN — products 

(14) 

OD + CHjCN — products 

( 15 ) 

OD + CDjCN -* products 

(16) 


All four reactions were studied at 298K as a function of pressure and 0 2 
concentration, while reactions 13 and 14 were also studied as a function of 
temperature. 

Experiments which employed N 2 buffer gas gave some results which 
appear inconsistent with the idea that reactions 13 - 16 occur via direct H 
(or D) abstraction pathways. First, rate coefficients for reactions 13 and 14 
(but not reactions 15 and 16) increase with increasing pressure over the 
range 50 - 700 Torr, the largest increase, nearly a factor of two, is observed 
for reaction 14. Second, observed isotope effects on the (high pressure 
limit) 298K rate coefficients are not as would be expected for an H (or D y 
abstraction mechanism. Measured 298K rate coefficients in units of 10* 14 
cnrhnolecule'V 1 are - 2.48 ± 0.38, k 14 * 2.16 ± 0.11, * 3.18 ± 0.40, 

and k 14 « 2.25 ± 0.28 (errors are 2 o\ If the dominant reaction pathway is 
H (or D) abstraction we would expect reactions 13 and 15, which break C-H 


133 


102 


ISOTOPE EFFECTS IN GAS-PHASE CHEMISTRY 


bonds, to be faster by a factor of two or more than reactions 14 and 16, 
which break C-D bonds. Observed differences in reactivity are quite small, 
although reaction 15 does appear to be somewhat faster than the other 
reactions. 

The observed kinetics in the absence of O* can best be reconciled 
with a complex mechanism which proceeds via formation of an energized 
intermediate, Le. 


k. k* 

OH + CH 3 CN 5* energized complex -+ products 

k. 


M,k. 

■ > adduct 


Such an energized intermediate could decompose to produce CH 2 CN + 

H 2 0 or other products, decompose back to reactants, or be collisionally 
stabilized at sufficiently high pressures. Hence, the reaction proceeds at a 
finite rate at low pressure but shows an enhancement in the rate as the 
pressure is increased. Such a mechanism is well documented for the 
important atmospheric reactions of OH with CO and HN0 3 (44) and has 
recently been observed in our laboratory for the Q + DMS reaction (45). 
The pressure, temperature, and isotopic substitution dependences of the 
elementary rate coefficients k,, t,, It* and k* interact to produce the ob- 
served complex behavior. 

Perhaps the most conclusive evidence that the OH 4 CH 3 CN 
reaction proceeds, at least in part, via formation of an intermediate complex 
comes from experiments carried out in reaction mixtures containing O 2 . 
Observed OH temporal profiles in the presence of CH 3 CN and 0 2 are non- 
exponential and suggest that OH is regenerated via a reaction of 0 2 with a 


product of reaction 13. Two possibilities are as follows: 

OH 4- CH 3 CN - CH 2 CN 4 H 2 0 (13a) 

CH 2 CN 4 0 2 -* -♦ OH 4 other products (17) 

OH 4 CH 3 CN 4 M - adduct 4 M (13b) 

adduct 4 0 2 -• OH 4 other products (18) 


In the mixed-isotope experiments, we observe that OD is regenerated from 
OD 4 CH 3 CN 4 0 2 and that OH is regenerated from OH 4 CD 3 CN 4 O* 
these findings conclusively demonstrate that an important channel for the 
hydroxyl 4 acetonitrile reaction involves formation of an adduct which lives 
long enough to react with O a under atmospheric conditions, and also places 
considerable constraints on possible adduct 4 O 2 reaction pathways. A 
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plausible set of elementary steps via which OH can be regenerated in the 
OH + CDjCN + 0 2 reaction is shown in Figure 3. The mechanism in- 
volves OH addition to the nitrogen atom, followed by 0 2 addition to the 
cyano carbon atom, isomerization, and decomposition to D 2 CO + DOCN + 
OR Further studies are needed to establish whether or not OD as well as 
OH is generated from OH + CD 3 CN 4* 0 2 and whether or not OH as well 
as OD is generated from OD 4 CH 3 CN 4 O* Further studies are also 
needed to directly detect end products of the adduct 4 0 2 reactions(s). 

The Reactions of Alkyl Radicals with HBr and DBr 

The thermochemistry and kinetics of alkyl radicals are subjects of consider- 
able importance in many fields of chemistry. Accurate evaluation of alkyl 
radical heats of formation are required for determination of primary, 
secondary, and tertiary bond dissociation energies in hydrocarbons, for 
establishing rates of heat release in combustion, and for relating unknown 
"reverse" rate coefficients to known "forward" values. Kinetic data for 
numerous alkyl radical reactions are needed for modeling hydrocarbon 
combustion. 

Recent direct kinetic studies ( 46-51 ), primarily by Gutman and 
coworkers (46-49), strongly suggest that alkyl 4 HX reactions have negative 
activation energies, a finding which seems counter-intuitive for apparently 
simple hydrogen abstraction reactions. It should be noted, however, that 
one recent direct study (52) reports much slower rate coefficients compared 
to other direct studies ( 46,48,50,51) and positive activation energies for the 
reactions of t-C 4 H 9 with DBr and DI. 

Motivated initially by the desire to obtain improved thermochemical 
data for sulfur-containing radicals of atmospheric interest, we developed a 
method for studying radical 4 HBr(DBr) reactions by observing the appear- 
ance kinetics of product bromine atoms ( 53 ). We have recently applied the 
same experimental approach to investigate the kinetics of the following 
reactions (54): 


CHj + HBr •* Br + CH» 

(19) 

CD, + HBr - Br + CD,H 

(20) 

CH, + DBr •* Br + CH,D 

(21) 

CjH, + HBr - Br + C^H* 

(22) 

C,Hj + DBr - Br + C,H & 

(23) 

t*C 4 H* + HBr -* Br + (CH,),CH 

(24) 

t*C«H, + DBr -* Br + (CH,),CD 

(25) 
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OH «■ D 3 C-C2N 


M 


d 3 c-c=n-oh 


°2 , M 


D,C-C-N-OH 


• 0-0 


D 2 a r C = N-OH 


m 

6-0 


D,C-C=N-OH 

2 1 I 

•O OD 


DjC=0 * DO-CsN * OH 


Figure 3. Plausible set of elementary steps for the reaction OH + CD 3 CN 
+ 0 2 — * D,CO + DOCN + OH. Adduct decomposition to products is 
shown as a single step; in reality, it probably occurs via two sequential steps 
with either D,CO or OH coming off before the other. (Reproduced from 
reference 43. Copyright 1991 American Chemical Society.) 
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The isotope effect studies were motivated by a recent theoretical investiga- 
tion of the t-C 4 H 9 + HI, DI reactions (55) which suggests that negative 
activation energies for alkyl + HX reactions should be accompanied by 
inverse kinetic isotope effects, Le., kn/ko < 1. 

In Table I our results (54) are compared with other available direct 
kinetic data for reactions 19 - 25. The negative activation energies and fast 
rate coefficients for alkyl 4 HBr reactions reported by Gutman and cowork- 
ers {46,47,49) are confirmed in our study. In fact, the activation energies 
derived from our data are consistently a little lower, Le., more negative, 
than those reported by Gutman and coworkers and the 298K rate coeffi- 
cients obtained in our study are consistently more than a factor of two faster 
than those reported by Gutman and coworkers. Our 298K rate coefficient 
for the t-C 4 H 9 4- HBr reaction exceeds the values reported by Russell et al. 
(46) and Richards et al. (50) by a factor of 27, but is in excellent agreement 
with the value reported by Seakins and Pilling (5I)\ interestingly, the experi- 
mental technique employed by Seakins and Pilling was very similar to the 
technique employed in our study. Our 298K rate coefficient for the t-C 4 H 9 
+ DBr reaction exceeds the value reported by Richards et aL (50) by a 
factor of 27 and exceeds the value reported by Muller-Markgraf et aL ( 52) 
by more than two orders of magnitude. As discussed in some detail by 
Gutman (56), the probable source of error in the Muller-Markgraf et al. 
study (52) is neglect of heterogeneous loss of t-C^ in their data analysis. 

Traditionally, hydrogen transfer reactions such as R + HX -* RH + 

X have been thought of as "direct" metathesis reactions with a barrier along 
the reaction coordinate and a single transition state located at the potential 
energy maximum. Rationalization of observed negative activation energies 
for R + HX reactions has centered around the postulate that product 
formation proceeds via formation of weakly bound R -XH complexes (45- 
48,55). As shown by Mozurkewich and Benson (57), if the transition state 
leading from reactants to complex (TS1) is loose and the transition state 
leading from complex to products is both tighter and lower in energy com- 
pared to TS1, then a negative activation energy for the overall reaction 
should be observed McEwen and Golden (55) have carried out a two 
channel RRKM calculation that models the t-QHf 4- HI(DI) reactions as 
proceeding through a weakly bound complex; they were able to reproduce 
the kinetics results of Seetula et aL (48) for t-C^ + HI assuming complex 
binding energies as low as 3 kcal mole* 1 . Probably the most interesting 
aspect of McEwen and Golden i study is the fact that models which were 
capable of reproducing experimentally observed (48) k(T) values for t-C^ 

+ HI also predicted an inverse kinetic isotope effect (ME), Le., t-C 4 H* + 

DI was predicted to be faster than t-CJ^ + HL The predicted inverse KIE 
results from the fact that the transition state leading from complex to 
products becomes looser with lower vibrational frequencies associated with 
deuterium substitution. Contrary to McEwen and Golden k prediction for t- 
CJi, 4 HI, we observe normal KIEk for CH* CjH* and t-QH* reactions 
with HBr. Richards et aL (50) also observe a normal KIE for the t-C 4 H 9 + 
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Table L Comparison of our results (reference 54) with other direct determinations of alkyl 4 HBr(DBr) rate coefficients.* 


Reaction 

Exptl 

Method* 

Range 

ofT 

A c 

-E/R c 

k,(298K) < 

Reference 

CH, 4 HBr 

LFP - PIMS 

2% - 532 

0.87 

160 ± 110 

1.49 

47 


LFP - RF 

257 - 422 

1.36 

233 ± 23 

2.97 

54 

CD, 4- HBr 

LFP -IRE 

298 



4.7 

60 


LFP - RF 

297 



3.35 

54 

CH, 4 DBr 

VLPP 

608- 1000 

0.32 

0 ± 500 

0.32 

61 


LFP - RF 

267 - 429 

1.07 

130 ± 55 

1.66 

54 

QH, 4 HBr 

LFP - PIMS 

295 - 532 

1.0 

410 ± 110 

3.96 

47 


LFP - RF 

259 - 427 

1.33 

539 ± 78 

&12 

54 

C^H, 4 DBr 

LFP RF 

298 - 415 

(0.92) 

(580) 

6.44 

54 

t-G,H* 4 HBr 

LFP - PIMS 

2% - 532 

0.99 

700 ± 110 

10.4 

46 


LFP - DLA 

297 



10 

50 


LFP - RF 

298 



32 

51 


LFP - RF 

297 - 429 

1.07 

963 ± 152 

27.1 

54 

t-C 4 H* 4 DBr 

VLP# 

295 - 384 

(R3) 

(-1180) 

0.16 

52 


LFP -DLA 

297 



8 

50 


LFP - RF 

298 - 415 

(1.03) 

(919) 

22.5 „ 

54 


a. Units are T, E/R: degrees K; A, k,(298K): 10' 2 cm'molecule 's 

b. LFP: laser flash photolysis; PIMS: photoionization mass spectrometry; RF: resonance fluorescence; IRE: infrared 
emission; VLPP: very low pressure pyrolysis; DLA: diode laser absorption; VLPt: very low pressure photolysis. 


c. Parentheses indicate Arrhenius parameters which are based on experiments at only two temperatures. 

d. Calculated from Arrhenius parameters when temperature dependent data were obtained. Error limits not quoted due 
to inconsistencies in methods used by different groups to arrive at uncertainties; most values of k,(298K) have absolute 
accuracies in the 15-30% range. 
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HBr reaction. It does appear, however, that the magnitude of the KIE is 
reduced as the activation energy becomes more negative, Le., the observed 
KIE is largest for R « CH 3 and smallest for R « t-C 4 H* Chen et aL have 
recently calculated a potential energy surface for the CH 3 + HBr reaction 
at the Gl level of theory and deduced the existence of a hydrogen bridged 
complex which is bound by 0.28 kcal mole* 1 and is formed without activation 
energy (58). They have also calculated rate coefficients for CH 3 + HBr, 
CH 3 + DBr, and CD 3 + HBr from RRKM theory with corrections for 
tunneling evaluated using the Wigner method (59). Their calculated isotope 
effects agree quantitatively with our measured isotope effects, a result which 
lends strong support to the idea that the methyl-HBr complex is hydrogen- 
bridged rather than bromine -bridged. 


Experimental kinetic data have been presented and discussed for a number 
of reactions where HID isotope effects provide valuable mechanistic in- 
sights. For the reactions of atmospheric free radicals with reduced sulfur 
compounds, isotope effect studies provide information not only about C-H 
or S-H bond cleavage versus other reactive pathways but also on the 
relative rates of adduct decompositions back to reactants versus on to 
products. For the reaction of hydroxyl radicals with acetonitrile, isotope 
effect studies conclusively demonstrate the intermediacy of a long-lived 
adduct and also provide site-specific information which places important 
constraints on the detailed mechanism for hydroxyl generation from the 
adduct + 0 2 reaction. For the CH 3 + HBr reaction, comparison of ob- 
served and theoretical isotope effects supports the view that reaction 
proceeds via formation of a very weakly bound, hydrogen-bridged addition 
complex. In one case considered, namely the O r independent channel for 
the OH + CH;>SCH 3 reaction, there exist potential problems in relating 
experimental observations (6,7) to existing prejudices concerning the nature 
of kinetic isotope effects. 
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Time-resolved resonance fluorescence detection of Br atom appearance following laser flash photolysis of RI (R * CH,, 
CD,, C 2 H 5 , r-C 4 H f ) or OJKH (R - CH,, C 2 H 5 ) has been employed to study the kinetics of the reactions CH, + HBr 
(1), CD, + HBr (2), CH, + DBr (3), C 2 H, + HBr (4), C 2 H 5 + DBr (5), /-C 4 H, + HBr (6), and r-C 4 H, ♦ DBr (7) as 
a function of temperature (257-430 K) and pressure (10-300 Torr of N 2 ). The rates of all reactions are found to increase 
with decreasing temperature; i.e M activation energies arc negative, and 298 K rate coefficients for reactions 1 and 3-7 are 
found to be significantly faster than previously thought. Arrhenius expressions for reactions 1, 3, 4, and 6 in units of 10 -1 
cm 3 molecule' 1 s' 1 are k, ■ (1.36 ± 0.10) exp[(233 ± 23)/T], k, » (1.07 ± 0.17) exp[(130 ± 55)/7"], k 4 ■ (1.33 ± 0.33) 
cxp[(539 ± 78)/71, and k* ■ (1.07 ± 0.34) exp[(963 ± 152)/7]; errors arc la and represent precision only. Normal kinetic 
isotope effects are observed (*«* > *£>*)• although the ratio k H */k D * decreases in magnitude with decreasing activation 
energy; i.e., k H i t /k D9t is largest for R ■ CH, and smallest for R - /-C 4 H f Combining our results with the best available 
kinetic data for the reverse reactions (Br + RH) yields the following 298 K alkyl radical heats of formation i^ units of kcal 
mol' 1 : CH,, 35.3 ± 0.6; C 2 H 5 , 29.1 ± 0.6; r-C 4 H* 12.1 ± 0.8; errors are 2<r and represent estimates of absolute accuracy. 


Introduction 

The thermochemistry and kinetics of alkyl radicals are subjects 
of considerable importance in many fields of chemistry. Accurate 
evaluation of alky) radical heats of formation is required for 
determination of primary, secondary, and tertiary bond dissociation 
energies in hydrocarbons, for establishing rates of heat release 
in combustion, and for relating unknown “reverse" rate coefficients 
to known “forward" values. Kinetic data for numerous alkyl 
radical reactions are needed for modeling hydrocarbon combustion. 

Despite the importance of alkyl radical kinetics and thermo- 
chemistry, and an extensive literature which dates back several 
decades, important discrepancies in the data base have persisted. 
For example, results from iodination and bromi nation studies have 
consistently yielded heats of formation for alkyl radicals that are 
2-4 kcal mol' 1 lower than those obtained from studies of bond 
scission and recombination rates of simple alkanes and radicals. 1 ' 3 
Recent direct kinetic studies, 4- * primarily by Gutman and co- 
workers, 4-7 strongly suggest that alkyl + HX reactions have 
negative activation energies; while this finding seems counterin- 
tuitive for apparently simple hydrogen-transfer reactions, it can 
resolve the above-mentioned discrepancy in alkyl radical heats 
of formation since all earlier iodination and bromination studies 
were analyzed under the assumption that alkyl + HX reactions 
have small, positive activation energies. However, it should be 
noted that one recent direct study 10 reports much slower rate 
coefficients (compared to other direct studies 4 * 443 ) and positive 
activation energies for the reactions of f-C 4 H* with DBr and DI. 

Motivated initially by the desire to obuin improved thermo- 
chemical data for sulfur-containing radicals of atmospheric in- 
terest, we developed a method for studying radical ♦ HBr(DBr) 
reactions by observing the appearance kinetics of product bromine 
atoms. 11 In this paper we report the results of a series of ex- 
periments where time-resolved monitoring of bromine atom ap- 
pearance was employed to investigate the kinetics of the foliowing 


reactions: 

CH, ♦ HBr - Br ♦ CH 4 (1) 

CD, ♦ HBr - Br ♦ CD,H (2) 

CH, 4- DBr — Br 4- CH,D (3) 

C 2 H 5 4- HBr - Br 4- C 2 H* (4) 

C 2 Hj 4- DBr - Br 4- C 2 H 5 D (5) 

/-C 4 H, ♦ HBr - Br 4- (CH,),CH (6) 

/-C 4 H f 4- DBr - Br 4- (CH,),CD (7) 


• Author lo whom correspondence should be addrea&ed. 

0022-3654/91 /2095-9890S02.50/0 


The isotope effect studies have been motivated by a recent the- 
oretical study of the /-C 4 H 9 4- HI, DJ reactions, 12 which suggests 
that negative activation energies for alkyl 4- HX reactions should 
be accompanied by inverse kinetic isotope effects, i.e., k HX /k DX 
< 1 . 

Experimental Technique 

The experimental approach involved coupling alkyl radical 
production by laser flash photolysis of suitable precursors with 
time-resolved detection of bromine atom appearance by resonance 
fluorescence spectroscopy A schematic diagram of the apparatus, 
as configured for bromine atom detection, can be found else- 
where. 13 A description of the experimental methodology is given 
below. 

A Pyrex, jacketed reaction cell with an internal volume of 1 50 
cm 3 was used in all experiments. The cell was maintained at a 
constant temperature by circulating ethylene glycol (T> 298 K) 
or methanol (T < 298 K) from a thermostatically controlled bath 
through the outer jacket. A copper-cons tan tan thermocouple with 
a stainless steel jacket was injected into the reaction zone through 
a vacuum seal, thus allowing measurement of the gas temperature 
under the precise pressure and flow rate conditions of the ex- 
periment. 

Alkyl radicals were produced by 266- nm pulsed laser photolysis 
of Rl/HBr/N 2 mixtures (R ■ CH,, CD,, C 2 H 5 , f-C 4 H 9 ) or by 
355-nm pulsed laser photolysis of Cl 2 /RH/HBr/N 2 mixtures (R 
* CH,, C 2 H s ). Third or fourth harmonic radiation from a Quanti 
Ray Model DCR-2 Nd.YAG laser provided the photolytic ra- 


(1) Tung. W. lm J Chem Kin* l?7», 10. 821 

(2) Tung, W. J. Am Chem Soc 1985. 107, 2872. 

(3) McMilkn, D. F.; Golden, D. M Am t» Rev. Pr.ys. Chem. 1912, 33, 
493. 

(4) Ruueit, J. J.; Seetula, J A.; Timonen, R. S., Gutman, D.. Nava, D. 
F. J. Am Chem. Soc 1988 110, 3084 

(5) Russell, J. Seetula, J. A„ Gutman, D. J. Am Chem. Soc 19B, 1 10, 
3092 

(6) Seetula. J. A.; Rusadl, J. J 4 Gutman, D J. Am. Chem. Soc 1998, 1 1 2, 
1347. 

(7) Seetula, J. A.; Gutman. D J Rhys. Chem. 1990. 94, 7529. 

(8) Richards, F. D ; Rytber. R R.; Weiu, L J. Phys. Chem. 1998, 94, 
3663 

(9) Sea kins. P W. ; PiJJmg. M J. J Phys Chem 1991, 95, 9874. 

(10) Muller-Markgraf, W„ Roei, M J.; Gotten, D M. J Am Chem. Soc. 
1989, III, 956 

(11) Nkovich. J M ; Kmmer, K D., van Dijk, C. A.; Wine, P. H. / Phys. 
Chem.. submitted for publication. 

(12) McEwcn. A. B . Golden, D M. J. Hoi. Struct. 1990, 224, 357. 

(13) Nicovich. J. M.; Shackelford. C. J.; Wine. P. H. J. Photochem. 
Photobiol. A Chem 1990. 51, 141. 
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diation. The laser could deliver up to 3 X 10 14 photons per pulse 
at 266 nm and up to 1 x 10 17 photons per pulse at 355 nm; the 
maximum repetition rate was 10 Hz. and the pulse width was 
approximately 6 ns. 

A bromine resonance lamp, situated perpendicular to the 
photolysis laser, excited resonance fluorescence in the photolytically 
produced atoms. The resonance lamp consisted of an electrodeless 
microwave discharge through about 1 Torr of a flowing mixture 
containing a trace of Br 2 in helium. The flows of a 0.2% Br 2 in 
helium mixture and pure helium into the lamp were controlled 
by separate needle valves, thus allowing the total pressure and 
Br 2 concentration to be adjusted for optimum signal-to-noise ratio. 
Radiation was coupled out of the lamp through a magnesium 
fluoride window and into the reaction cell through a magnesium 
fluoride lens. Before entering the reaction cell, the lamp output 
passed through a flowing gas filter containing 50 Torr*cm of 
methane in nitrogen. The methane filter prevented radiation at 
wavelengths shorter than 140 nm (including impurity emissions 
from excited oxygen, hydrogen, and nitrogen atoms) from entering 
the reaction cell but transmitted the strong bromine lines in the 
140-160-nm region. 

Fluorescence was collected by a magnesium fluoride lens on 
an axis orthogonal to both the photolysis laser beam and resonance 
lamp beam and was imaged onto the photocathode of a solar blind 
photomultiplier. Signals were processed by using photon counting 
techniques in conjunction with multichannel scaling. A large 
number of laser shots were typically averaged to obtain a bromine 
atom temporal profile with signal-to*noise ratio sufficient for 
quantitative kinetic analysis. It is worth noting that the resonance 
fluorescence detection scheme is sensitive to both ground state 
( 2 P 3/2 ) and spin-orbit excited state ( 2 P| /2 ) bromine atoms. 

To avoid accumulation of photolysis or reaction products, all 
experiments were carried out under “slow flow" conditions. The 
linear flow rate through the reactor was in the range 2-10 cm 
s’\ and the laser repetition rate was varied over the range 5-10 
Hz (5 Hz typical). Hence, no volume element of the reaction 
mixture was subjected to more than a few laser shots. The alkyl 
iodides, ethane, Cl 2 . HBr, and DBr flowed into the reaction cell 
from bulbs (12-L volume) containing dilute mixtures in nitrogen 
while methane, hydrogen, and additional nitrogen were flowed 
directly from their storage cylinders. All gases except Cl 2 (see 
below) were premixed before entering the reactor. The concen- 
trations of each component in the reaction mixture were deter- 
mined from measurements of the appropriate mass flow rates and 
the total pressure. The concentrations of HBr and DBr were also 
determined by in situ UV photometry at 202.6 nm (Zn* line). 
A zinc hollow cathode lamp was employed as the light source for 
the photometric measurement, and a quarter meter monochro- 
mator was used to isolate the 202.6-nm line. The absorption cross 
sections needed to convert measured absorbances into concen- 
trations were determined during the course of this investigation 
and were found to be 1 .02 X 10" 11 cm 2 for HBr and 9.7 X 10" 1 * 
cm 2 for DBr The measured HBr cross section agrees well with 
values reported by Goodeve and Taylor 14 and by Hucbert and 
Martin 15 but is —20% higher than the value reported by Romand 14 
and —20% lower than the value of Nee et al. 17 Experimental 
results were found to be independent of whether the 2 m long 
absorption cell was positioned upstream or downstream relative 
to the reaction cell. 

The gases used in this study had the following stated minimum 
purities: N 2 , 99.999%; H 2 . 99.999%; Cl 2 , 99.99%; ,t CH 4 , 

99.9995%; C 2 H* 99.99%; HBr, 99 8%;' 1 DBr, unstated chemical 
purity and 99 atom % D. 11 Nitrogen, hydrogen, methane, and 
ethane were used as supplied, while Cl 2 , HBr, and DBr were 
purified by repeated freeze (77 K)-pump-ihaw cycles. It is worth 
noting that the HBr and DBr gas samples taken directly from their 
storage cylinders contained significant (25-50%) levels of a 


(14) Goodeve. C. F.; Tiylor. A W C. Proc R. Soc 1935. AI52. 221 

(15) Huebert. B J.; Martin. R M. J Phys Chem 1H8. 72. 3046 

(16) Romand. F Ann Phys (Paris) 194*. 4. 527. 

(17) Net. J. B.; Suio. M.; Lee. L. C. J Chem Phys 19*4 83. 4919 

(18) Stated purity of liquid phase m cylinder 
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noncondensible impurity which was determined by weighing to 
be H 2 (D 2 ). 

The liquids used in this study had the following stated minimum 
purities: CH 3 1, 99.5%; CD 3 I. unstated chemical purity and 99.5+ 
atom % D; C 2 H 5 1, 99%; /-C 4 H 9 I. 95%. All liquid samples were 
transferred under nitrogen into vials fitted with high-vacuum 
stopcocks and were subjected to repeated freeze (77 K)-pump- 
thaw cycles before being used to prepare gaseous RI/N 2 mixtures. 
When not in use, the vials were stored in the dark at 278 K. 

Results usd Discussion 

In most experiments, alkyl radicals were generated by 266-nm 
laser flash photolysis of the appropriate alkyl iodide ( [RI] in the 
range 1-12 X 10 13 molecules cm' 3 ): 

RI + M 266 nm) -* R + 1, R * CH 3 , CD 3 , C 2 H 5 , r-C 4 H 9 

( 8 ) 

Reactions 1 and 4 were also studied using the following alternate 
tlkyl production scheme: 

Cl 2 + M355 nm) — 2 Cl (9) 

Cl + RH — R + HCf. R * CH 3 ,.C 2 H 3 # (10) 

When the alternate production scheme was applied. Cl 2 (con- 
centration — 1 x 10 13 molecules cm’ 3 ) was injected into the gas 
flow just upstream from the reaction zone to suppress the het- 
erogeneous dark reaction between Cl 2 and HBr 19 Also. RH was 
added to the reaction mixture in sufficient quantity that (a) 
production of alkyl radicals was essentially instantaneous on the 
time scale for the alkyl + HBr reaction and (b) nearly all Cl 
(>95%) reacted with RH rather than with HBr Observed kinetics 
were found to be independent of the choice of alkyl radical pro- 
duction scheme. As will be discussed in more detail below, the 
invariance of observed kinetics to the alkyl radical source rules 
out some potential sources of systematic error. 

Reactions 1-5 are suffioently exothermic that the bromine atom 
product could be formed in the spin-orbit excited state. Br( 2 P 1/2 ). 
To ensure that relaxation of Br( 2 P I/2 ) was not rate-limiting in 
defining observed Br appearance rates, all experiments were 
carried out with 0.2-2 Ton of H 2 added to the reaction mixtures. 
The reaction 

bH’P,/,) + Hj(i- - 0) - Br^Pj/j) + Hj( t * 1 ) (11) 

is known to be fast, with — 6 x 10’ 12 cm 3 molecule’ 1 s’ 1 . 20 

All experiments were canied out under pseudo-first-order 
conditions with HBr in large excess (typically a factor of 10 4 ) over 
the alkyl radical. Concentrations of photolytically generated 
radicals were typically in the range 5-10 x 10 l0 /cm 3 , although 
this experimental parameter was varied over a wide range (factor 
of 20). Observed kinetics were found to be independent of both 
the alkyl iodide concentration and the concentration of photo- 
lytically generated radicals. 

In the absence of side reactions that remove or produce Br. the 
observed temporal profile following the flash would be described 
by the relationship 

S, • *,C,(* d - AJ^IcxpHcgr) * exp(-A d /)]+ C 2 exp(-* d r) 

(I) 

In eq 1, 5, is the fluorescence signal level at time t (proportional 
to [Br],), k g and * d are the pseudo- first-order rate coefficients for 
Br appearance (& a ) and disappearance (A d ), and the parameters 
C, and C 2 are defined as follows. 

C, - a[R]c/ (II) 

C 2 « a[Br] 0 (III) 

In the above equations [R] 0 and [Br] 0 are the alkyl and Br con- 
centrations after photolysis and reaction 10 have gone to com- 


(19) Nicovich. J M ; Wine. P H Ini J Chem Kmet 1990. 22. 379. 

(20) Nesbitt. D. J.; Leone. S R J Chem Phys 19*0. 73. 6182 
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Figure 1 Typical Br atom temporal profiles Reaction: C 2 H 5 + HBr 
C 2 H s source: (a) C 2 H 5 I + M266 nm). (b) CI 2 /C 2 H* ♦ Ar<355 nm). 
Experimental conditions: T * 298 K; P (Torr) ■ (a) 100, (b) 50; pho- 
tolyte concentrations in units of 10 ,J molecules cm" 1 : (a) |C 2 H 3 I) • 6.3, 
(b) (Cl 2 ] - 1.3 and [C 2 H 4 ] - 160; [C 2 Hj] 0 (10'° radicals cm" 1 ) - (a) 
5. (b) 9. (HBr) (10 14 molecules cm" 3 ) ■ (a) 5.45, (b) 5.64; number of 
laser shots averaged * (a) 5000, (b) 2000 Solid lines are obtained from 
nonlinear least-squares analyses which give the following best fit param- 
eters (s" 1 ) - (a) 5470. (b) 6320; k 4 (s*‘) - (a) 22, (b) 39; C, « (a) 
5920, (b) 2950; C 2 « (a) 190, (b) 240 

plction but before significant removal of alkyl radical has occurred, 
/is the fraction of alkyl radicals that are removed via a reaction 
which produces Br, and a is the proportionality constant which 
relates S, to [Br],. For the reaction systems of interest, we expect 
that 

ft. - *,[HBr(DBr)] + * l2 (i - 1-7) (IV) 
/«*,[HBr(DBr)]/*. (i- 1-7) (V) 

where fc, 2 is the rate coefficient for the following reaction(s): 

R — first-order loss by processes that do not produce Br 

( 12 ) 

A nonlinear least-squares analysis of each experimental temporal 
profile was employed to determine k„ k 6% C,, and C 2 . The bi- 
molecular rate coefficients of interest, k^P.T) were determined 
from the slopes of k, vs [HBr(DBr)] plots. Typical data are shown 
in Figures 1 and 2. It is worth pointing out that the accuracy 
with which k t could be determined via the nonlinear least-squares 
fitting technique was quite good because it was always the case 
that k, » ki and C, » C 2 . Observation of Br temporal profiles 
that are well described by eq I, a linear dependence of k % on 
(HBr(DBr)], and invariance of k t to variation in laser photon 
fluence and photolyte concentration suggest that the alkyl + 
HBr(DBr) reaction and reaction 13 (k l2 ■ A*) are the only 

Br -• first-order loss by diffusion from the detector field of 

view and reaction with background impurities (13) 

processes that significantly affect the Br time history (once 
photolysis and Cl reaction with RH and HBr are complete) One 
potential interference that is not ruled out by the above obser- 
vations is reaction of alkyl radicals with impurities which are either 
present in the HBr sample or produced via dark reactions of HBr 
with other components in the reaction mixture; impurity reactions 
are considered below when potential systematic errors are dis- 
cussed. 



[HBr] (10 14 moUculta cm 3 ) 

Figure 2 Typical plot* of A, n [HBr]. Reaction C 2 Hj ♦ HBr C 2 H 3 
source: (•) C 2 H 5 I ♦ M266 hm), (O) a 2 /C 2 H* ♦. M355 nm). Ex- 
penmenul conditions: T m 298 K; P (Torr) * (•) 100, (O) 50 Solid 
and dashed lines are obtained from linear least-squares analyses of the 
solid and open circle data points, respective!), and give the following 
bimolecular rate coefficients m units of 10" 12 cm 3 molecule" 1 s' 1 : (•) 8.24 
± 0.65, (O) 7.81 ±0.51. Arrows indicate the two points obtained from 
tbe dau shown in Figure 1. 

One interesting aspect of the data in Figure 2 is the relatively 
large value for k n , i.e., the relatively large intercept in the k t vs 
[HBr] plot. The observed values for k l2 were typicall) larger than 
expected if background removal of alkyl radicals was due only 
to reaction with their photolytic precursors and to diffusion out 
of the detector field of view. At low [HBr(DBr)], where k {2 > 
/c,[HBr(DBr)] (i * 1-7), fluorescence signal levels were consid- 
erably reduced; this indicates that the process responsible for 
background alkyl radical removal did not result in production of 
bromine atoms. The magnitude of k i2 tended to increase with 
decreasing temperature and with increasing complexity of the alkyl 
radical, suggesting that a process responsible for significant 
background removal of alkyl radicals was reaction with 0 2 : 

R + 0 2 + N 2 — ’ R0 2 + N 2 (14) 

The 0 2 levels required to account for observed k l2 values are 
around 0.01 Tort — significantly higher than expected 0 2 impurity 
levels in the N 2 buffer gas. Hence, a small leak in the slow flow 
system is the probable source of 0 2 . The presence of a reactive 
impurity at the levels encountered in our experiments is not ex- 
pected to introduce systematic error into the kinetic measurements. 
However, when the condition * 12 « *,[HBr(DBr)] is not met at 
least for the highest HBr(DBr) concentrations employed in a 
particular rate coefficient determination, the precision of the 
derived value for k£P,T) is reduced; the worst case in this regard 
was the k 7 measurement at T m 415 K, wheft *, 2 /* 4 (max) at 
0.28 (Table I). 

Kineuc data for reactions 1-7 are summarized in Table I, and 
Arrhenius plots for reactions 1, 3, 4, and 6 are shown in Figure 
3. The solid lines in Figure 3 are obtained from linear least- 
squares analyses of the In k,{P,T) vs P 1 data; these analyses give 
the following Arrhenius expressions in units of cm 3 molecule" 1 

*, - (1.36 ± 0.10) x 10" 12 exp[ ( 23 3 ± 23)/7] 

k s ■ (1.07 ± 0.17) x I0" ,J exp[(130 ± 55)/T] 

* 4 « (1.33 ± 0.33) x 10" 12 exp[(539 ± 78)/71 

* 6 * (1.07 db 0.34) x 10" 12 exp[(963 ± 152)/71 

Errors in the above expressions are 2c and represent precision only. 

As reported previously by Gutman and co-workers, 4 " 7 we find 
that alkyl + HBr(DBr) rate coefficients increase with decreasing 
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TABLE I: Summary of Kiaetic Data* 
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reaction (/)* 

T 

P ( 

no of 
expts* 

range 
of * t 

range 
of k 4 

* 12 * 

kf j 

CHj 4 HBr (1) 

257 

100 

5 

994-6420 

4-12 

186 ± 93 

3.37 ± 0 08 


297 

3C/ 

6 

757-3950 

36-87 

158 ± 86 

3.04 ± O.IC/ 


297 

100 

16 

701-7740 

3-68 

99 ± 86 

2.95 ± 0.12 


350 

100 

7 

570-6760 

9-25 

55 ± 226 

2.63 ± 0.13 


419 

100 

5 

1240-4740 

8-38 

81 ± 338 

2.34 ± 0.25 


422 

10 

7 

915-9920 

80-152 

377 ± 86 

2.40 ± 0.07 

CD, + HBr (2) 

297 

30 

6 

1370-6630 

14-20 

161 ± 71 

3.33 ± 0 05 


297 

300 

5 

1850-7320 

15-25 

167 ± 56 

3.38 ± 0.04 

CH, ♦ DBr (3) 

267 

100 

7 

651-6880 

34-59 

393 ± 128 

1.71 ± 0.07 


298 

100 

18 

1200-6130 

35-87 

440 ± 195 

1.68 ± 0.10 


361 

100 

5 

967-3510 

43-56 

183 ± 226 

1.61 ± 0.16 


378 

100 

6 

704-5210 

32-50 

191 ± 199 

1.44 ± 0.09 


415 

100 

4 

604-5090 

38-54 

152 ± 169 

1.47 ± 0.08 


428 

100 

6 

870-5100 

39-48 

243 ± 58 

1.43 ± 0.03 


430 

10 

8 

850-4630 

76-124 

545 ± 216 

1.46 ± 0.11 

CjH, + HBr (4) 

259 

30 

6 

3050-12900 

8-20 

1240 ± 420 

10 4 ± 0.6 


297 

30 

5 

2170-9350 

20-30 

734 ± 206 

8.69 ± 0.33 ♦ 


298 

50 

6 

2710-10600 

32-43 • 

i 580 ± 360 

7.11 ± 0.51* 


298 

100 

14 

2180-8630 

-5 to 22 

1540 ± 370 

8.24 ± 0.65 


348 

30 

4 

1230-4710 

25-51 

675 ± 63 

6.26 ±0.15 


423 

30 

7 

1120-4160 

26-56 

273 ± 231 

5.06 ± 0 41 


427 

10 

6 

1280-5670 

122-193 

512 ± 290 

4.38 ± 0.38 

CjH, + DBr (5) 

298 

100 

5 

3030-9080 

56-72 

1580 ± 420 

6 44 ± 0.55 


415 

100 

5 

1400-4740 

36-48 

687 ± 202 

3.72 ± 0.28 

/-C,H, + HBr (6) 

297 

30 

11 

3860-17500 

-48 to 58 

2560 ± 470 

25.6 ± 1.3 


330 

30 

5 

3670-15600 

-32 to 32 

1710 ± 390 

21.4 ± 0 9 


378 

30 

6 

2560-10700 

2-50 

1560 ± 300 

14.1 ± 0.7 


428 

30 

7 

1820-8)10 

38-92 

1370 ± 290 

10.1 ± 0.6 


429 

10 

5 

3310-11300 

216-311 

1160 ± 140 

9.60 ± 0.21 

»-C,H, + DBr (7) 

298 

100 

14 

6290-27100 

54-323 

4610 ± 1610 

22.5 ± 3.0 


415 

100 

5 

3350-8140 

70-99 

2240 ± 318 

9 43 ± 0.80 


•Units ire T (K); P (Torr); k 4 , *, 2 (s' 1 ); k, (10" 13 cm 1 molecule" 1 s’ 1 ). RI photolysis at 266 nm employed as alkyl source except where 

indicated. *(i) refers to reaction number in text. r N 2 buffer gas except where indicated. 'Expt * measurement of a single Br temporal profile. 
* Errors arc 2<r and represent precision only. ^C1 2 /CH 4 photolysis employed as CH 3 source; CH 4 used as buffer gas, i.e. [CH 4 ] — 9.6 X 10 17 
molecules cm" 5 . f CI 2 /C 2 H 4 photolysis employed as C 2 H 5 source; (C 2 H 4 ) ^ 1.6 X 10‘ 3 molecules cm 3 . 


temperature, i.e., activation energies are negative. Pressure 
variations within the range 10-300 Torr of N 2 revealed no evidence 
of a pressure dependence for any of the reactions studied. On 
the basis of observed precision and consideration of possible 
systematic errors (see below), we estimate the absolute accuracy 
of each measured rate coefficient, kJT), to be ±20%. 

Potential Systematic Errors. As discussed briefly above, a 
number of potential systematic err o rs in our kinetic measurements 
can be ruled out on the basis of the observed invariance of Br 
temporal profiles to variations in laser photon fluence, photolyte 
concentrations, and flow velocity through the reactor, these indude 
contributions to Br kinetics from radical-radical side reactions, 
from radical-Rl side reactions, or from reactions involving stable 
products which build up in concentration with successive laser 
flashes. In situ measurement of HBr(DBr) concentrations greatly 
reduces another potential source of systematic error. 

It is well-known that UV photolysis of CH 3 I produces vibra- 
tionally hot methyl radicals, 21 and both ethyl and ten - butyl radicals 
are likely to be produce in excited vibrational states from RI 
photolysis. However, it is generally thought that under our ex- 
perimental conditions relaxation to a thermalized vibrational 
distribution occurs much more rapidly than chemical reaction. 7,22 
Our experiments employing the CI 2 /RH source provide further 
evidence that we are, indeed, observing reactions of thermalized 
alkyl radicals. On the basis of the best available thermochemical 
data, 23 the CI( 2 P 3/2 ) + CH 4 reaction is slightly endothermic and 


(21 ) Suzuki, T.; Kanamori, H.; Hirou, E. J. Chem Phys. 1991. 94, 6607, 
ind references cited therein. 

(22) Donaldson, D J.; Leone, S R. J. Phys. Chem 1986. 90. 936. 

(23) Atkinson. R.; Baulch. D. L.; Cox. R. A.; Hampton, R. F., Jr.; Ken, 
J. A4 Trot, J. J Phys Chem. Rif Data 1989, 16, 681. 


the Cl + C 2 H 6 reaction is only slightly exothermic; hence, these 
reactions cannot produce vibrationally hot alkyl radicals. 

Another potential interference could have resulted if primary 
photolysis of RI or secondary photolysis of hot alkyl radicals led 
to generation of hydrogen atoms. The reaction 

H + HBr — H 2 + Br (15) 

is thought to proceed with * I3 {298 K) ^ 6 X KT 12 cm 3 molecule' 1 
s" 1 . 24 Hence, if the H atom concentration was significant com- 
pared to the alkyl radical concentration, we would systematically 
overestimate methyl radical reaction rates and systematically 
underestimate rerr-butyl radical reactions rates. The experiments 
employing the C1 2 /RH source provide evidence that H atom 
production was not a problem in our CH 3 + HBr study. Insig- 
nificant H atom production is expected when 355-nm photolysis 
is employed and the only H precursors are RH and HBr. Fur- 
thermore, secondary photolysis of alkyl radicals does not seem 
possible beca u s e (a) the radicals are bom with little internal energy 
and, therefore, cannot be excited via a single photon process at 
355 nm and (b) nearly all alkyl radical formation is delayed in 
* time until after the laser flash is over. 

Another possible interference that must be addressed is the role 
of Br 2 impurity. Potential sources of Br 2 are impurity in the HBr 
sample, residual Br 2 (from Br recombination) not swept out of 
the reaction zone between laser flashes, and catalytic formation 
of Br 2 from heterogeneous reactions of HBr (presumably on the 
metal surfaces of valves and fittings). Since alkyl 4* Br 2 reactions 
are about an order of magnitude faster than the corresponding 
alkyl + HBr reactions, 23 the condition [Br 2 ] < 0.001 [HBr] must 


(24) Umemoto, H.; Wada. Y.; Taunashima, S.; Takayanagi. T., Sato, S. 
Chun. Phys. Lett. 1990, 143, 333, and references cited therein. 
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TABLE II: Comparisoe of Ov Results with Other Direct Determinations of A, (/ « 1-7)* 


reaction (i) 

expil method* 

range of T 

A e 

-E/R' 

M2 98 K)' 

ref 

CH 3 4 HBr (1) 

LFP-P1MS 

296-532 

0.87 

160 ± 110 

1 49 

5 

LFP-RF 

257-422 

1.36 

233 ± 23 

2.97 

this work 

CD 3 4 HBr (2) 

LFP-IRE 

298 



4.7 

22 


LFP-RF 

297 



3.35 

this work 

CH,4 DBr (3) 

VLPP 

608-1000 

0.32 

0 i 500 

0.32 

41 


LFP-RF 

267-429 

1.07 

130 ± 55 

1.66 

this work 

C 2 Hj 4 HBr (4) 

LFP-PIMS 

295-532 

1.0 

410 ± no 

3.96 

5 

LFP-RF 

259-427 

1.33 

529 ± 78 

8.12 

this work 

C 2 Hj 4 DBr (5) 

LFP-RF 

298-415 

(0.92) 

(580) 

644 

this work 

f-C 4 H, 4 HBr (6) 

LFP-PIMS 

296-532 

099 

700 ± 110 

10.4 

4 


LFP-DLA 

297 



10 

8 


LFP-RF 

298 



32 

9 


LFP-RF 

297-429 

1.07 

963 ± 152 

27.1 

this work 

r-C 4 H 9 4 DBr (7) 

VLP* 

295-384 

(8.3) 

(-1180) 

0.16 

10 


LFP-DLA 

297 



8 

8 


LFP-RF 

298-415 

(L03) 

(919) 

* 22.5 

this work 

'Units are T, E/R , degrees K; 

A, M 298 K), 1 (T ,J 

cm 3 molecule" 1 s H 

. The letter i refers to reaction numbers in the text. 

*LFP. laser flash 


photolysis; PIMS. photoionization mass spectrometry; RF, resonance fluorescence; IRE infrared emission. VLPP. very low pressure pyrolysis; DLA. 
diode laser absorption; VLP4; very low pressure photolysis. r Parentheses indicate Arrhenius parameters based on experiments at only two tem- 
peratures. 'Calculated from Arrhenius parameters when temperature-dependent data were obtained Error limits not quoted due to inconsistencies 
in methods used by different groups to arrive at uncertainties; most values of A/<298 K) have absolute accuracies in the 15-30** range 

molecules cm' 3 . Since the Br 2 absorption cross section at 404.7 
nm is about 6 x 10* 19 cm 2 , 26 these experiments suggest that [Br 2 ] 
< 0.0025[HBr]. A second set of observations which confirm that 
Br 2 levels were very low is the small values for C 2 obtained from 
the data analysis in all experiments. The experiments employing 
the C1 2 /RH photolysis source arc particularly important in this 
regard because (a) the Br 2 absorption cross section at 355 nm (8.4 
X 10" 20 cm 226 ) is considerably larger than at 266 nm and (b) it 
is known that BrCl and/or Br 2 can be generated from hetero- 
geneous reaction between Cl 2 and HBr. 19 Taking trace b in Figure 
1 as an example, the laser fluence was about 3.5 x 10'* photons 
cm" 2 , the peak signal corresponds to a Br concentration of about 
9 X 10 10 atoms cm" 3 , and the nonlinear least-squares analysis of 
the temporal profile gives C,/C 2 — 12, i.e., the instantaneous 
bromine atom signal corresponds to about 7.5 x 10 9 atoms cm" 3 . 
The ethane and HBr concentrations were such that —3 X 10’ 
atoms cm" 3 of the instantaneous signal are attributable to the Cl 
4* HBr reaction. Assuming all other “instantaneous" bromine 
atoms were generated from Br 2 photolysis implies that [Br 2 ] ~ 
3 X 10 n molecules cm' 3 , i.e., [Br 2 ] < 0.0014[HBr). We conclude 
from the above arguments that reaction with Br 2 accounted for 
no more than a few percent of observed alkyl reactivity. 

As discussed above, the experiments that employed the Cl^RH 
alkyl radical source were of value for assessing the importance 
of several potential interferences. However, the use of Cl 2 /RH 
photolysis for generating alkyl radicals introduces an additional 
chemistry complication which requires consideration, namely the 
reaction of alkyl radicals with Cl 2 : 

R 4 Cl 2 — RC1 4 Cl (16) 

Rate coefficients for reaction 16 at 298 K arc 2.1 x 1 0~ 12 cm 3 
molecule" 1 s' 1 for R * CH 3 and 1.85 x 10" n cm" 3 molecule" 1 s" 1 
for R * C 2 Hj. 27 For [Cl J — 1 X 10 13 molecules cm" 3 , as em- 
ployed in our experiments, reaction with Cl 2 was a negligible alkyl 
removal mechanism in the experiments with R * CH 3 but did 
account for 2-7% of alkyl removal in the experiments with R * 
C 2 H 3 . However, the Cl atom product of reaction 16 reacts in- 
stantaneously (on the time scale for R 4 HBr reaction) to re- 
generate R (yield >95%) or produce Br (yield <5%). We conclude 
from the above discussion that reaction 16 did not significantly 
alter observed Br temporal profiles. 


(26) Calvert, J. G.; Pitu, J. N., Jr. Photochemistry ; Wiley. New York, 
1966 

(27) Timonen, R. S.; Gutman. D. J Phys. Chem 19t6. 90. 2987. 


T(K) 



npr« 3 Arrhenius plots for the CH, 4 HBr(l), CD 3 4 HBr(3), C 2 H 5 
4 HBr(4), and f-C 4 H* 4 HBr(6) reactions. Solid lines are obtained from 
linear least-squares analyses and yield the following Arrhenius expres- 
sions in units of 1(T ,J cm J molecule" 1 s" 1 : 4, » 1.36 exp(233/T); k y ■ 
1.07 exp(1 30/T); k 4 ■ 1.33 exp(539/T); A* - 1.07 «xp(963/7). Error 
ban represent 2 e. precision only. Arrows indicate the rate coefficients 
measured using the Clj/RH alkyl radical source. 

be met before Br 2 interference can be considered negligible. Two 
experimental observations lead us to conclude that Br 2 levels were 
very low in our experiments. In one set of experiments the 2-m 
absorption cell was positioned in the slow How system downstream 
from the reaction cell and employed to monitor Br 2 photometrically 
(at 404.7 nm) with typical RI/HBr/H 2 /N 2 reaction mixtures 
flowing and the laser firing (X * 266 nm). No absorption was 
observed (i.e., ///<> > 0.997) even at HBr levels as high as 10 1 * 


(25) Timonen, R. S.. Seetula, J. A^ Gutman, D. J. Phys. Chem 1991, 94, 
3005. 
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Reaction Kinetics of Alkyl 4 HBr(DBr) 

Comparison with Pmious Work. Available kinetic data for 
alkyl radical reactions with HBr and DBr are summarized in Table 
II. The negative activation energies and fast rate coefficients 
for alkyl -♦•HBr reactions reported by Gutman and co-workers 4 * 3 - 7 
are confirmed in our study. However, the activation energies 
derived from our data are consistently a little lower, i.e., more 
negative, than those reported by Gutman and co-workers, and the 
298 K rate coefficients obtained in our study are consistently more 
than a factor of 2 faster than those reported by Gutman and 
co-workers. We observe "normal" kinetic isotope effects (i.e., R 
4 HBr is faster than R 4 DBr) which decrease in magnitude with 
increasing complexity of the alkyl radical (and with decreasing 
activation energy). TTie 20 % kinetic isotope effect we observe for 
1 -C 4 H 9 + HBr(DBr) at 298 K is an excellent agreement with the 
isotope effect observed by Richards et al . 1 By far the most studied 
of the alkyl 4 HBr(DBr) reactions are those involving the ten- 
butyl radical. A majority of recent work, including our own, 
suggests that k 6 (298 K) > 1 X 10" M cm 3 molecule " 1 s " 1 and £ ga 
< -1 kcal mol" , . 4 * M The exception is the very low pressure 
photolysis study of reaction 7 by Muller-Markgraf et al .; 10 they 
report M 295 K) « 1.5 X 10 ~ 13 cm 3 molecule " 1 s' 1 and a significant 
positive activation energy (>2 kcal mol" 1 ). As discussed in some 
detail by Gutman , 21 the probable source of error in the Muller- 
Markgraf et al. study is neglect of heterogeneous loss of f-C 4 H 9 
in their data analysis. The only study of reactions 6 and 7 where 
kinetic data were obtained by monitoring the decay of f-C 4 H 9 is 
the work of Russell et al ., 4 who coupled time-resolved photoion- 
ization mass spectrometry with 193*nm laser flash photolysis of 
4,4-dimethyl- 1-pentenc or 2,2.4,4-tetramethyl-3-pentanone; they 
obtained the results k 6 { 298 K) * 1.04 X 10"* 1 cm 3 molecule ' 1 s ' 1 
and £ acl * - 1 .4 ± 0.2 kcal mol" 1 . Subsequently. Richards et al . 1 
also generated f-C 4 H 9 radicals by 193-nm laser flash photolysis 
of 4.4-dimethyl- 1-pentene but obtained kinetic data by monitoring 
the appearance of the product (CH 3 ) 3 CH using tunable diode laser 
spectroscopy as the monitoring technique; they found k 6 - 1.0 
x 10"“ cm 3 molecule " 1 s" 1 , in excellent agreement with Russell 
et al. We find that k t { 298 K) is a factor of 2.7 faster than reported 
b> Russell et al . 4 and by Richards et al . 1 and that £ ^ * -1.9 ± 
0.3 kcal mol" 1 , i.e.. 0.5 kcal mol " 1 lower than reported by Russell 
et al Seakins and Pilling 9 have measured ic 6 (298 K) using 351 -nm 
laser flash photol>sis of azoisobutane as the /-C 4 H 9 source and, 
as in our study, employing time-resolved resonance fluorescence 
monitoring of product bromine atoms as the kinetic probe; in- 
terestingly, they find k 6 (298 K) * (3.2 ± 1.0) X 10 " 11 cm 3 
molecule ' 1 s" 1 . in excellent agreement with our result. Any attempt 
to explain the difference between the rate coefficients reported 
in this study and those reported by Gutman and co-workers 4 - 5 - 7 
and by Richards et al . 1 would be speculation on our part, since 
the alkyl 4* HBr(DBr) reactions appear to have been kinetically 
isolated from potential side reactions in all cases Systematic error 
in determination of the HBr(DBr) concentration is one possibility. 
For example. Russell et al. report that HBr samples were not 
degassed prior to use , 4 while we find that gas taken directly from 
the HBr storage cylinder can contain up to 50% H 2 impurity; 
hence, a large fraction of the gas flow that Russell et al. thought 
was HBr could have been unreactive H 2 , thus leading to under- 
estimation of the alkyl 4 HBr rate coefficients. Arguing against 
the above explanation, however, is the fact that Richards et al., 
who report that HBr and DBr samples were repeatedly degassed 
at 77 K prior to use . 1 also obtained relatively slow rate coefficients 
for reactions 6 and 7. 

Alkyl Radical Thermochemistry. Arrhenius parameters for 
reactions I. 4, and 6 determined in this study can be combined 
with the best available Arrhenius parameters for the reverse (Br 
4 RH) reactions to obtain entropies and enthalpies of reaction, 
using the "second-law method”. 

Br 4 CH 4 -* CH 3 4 HBr (- 1 ) 

Br 4 C 2 H 6 - C 2 H 5 4 HBr (-4) 

Br 4 (CH 3 ) 3 CH - /-C 4 H 9 4 HBr (- 6 ) 

(28) Gutman. D. Acc Chem Res 1990 . 23. 375. 
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TABLE III: Arrhenius Parameters for k_ ( , tad k ^ Used ia the 
Thermocbemical Calculations 

range 

reaction (no.) E/ R*' of 7 T ref 

Br 4 CH 4 (-1) 171 ± 85 8888 ± 220 298-621 29? 30 

Br 4 C 2 H 4 (-4) 235 ±112 6411 ±180 476-621 29 

Br 4 (CH 3 ) 3 CH (-6) 172 ± 30 3458 ± 90 298-623 4.29 

•Units are 10 " 12 cm 3 molecule*' s*'. 4 Uncertainties are estimates 
based on error bars reported in references. e Units arc degrees Kelvin. 

TABLE IV: Thermochemkal Parameters far the Reactions R + HBr — 
RH ♦ Br, R - CH> C 2 H y a mi r-C«H, 


j -LH, kcal mol* 1 -AS. cal mol* 1 deg* 1 

R K second law third law second law third law 


CH, 

356 

18.12 

± 

048 

17.56 

± 

0.48 

9.61 

± 

1.23 

7.96 

± 

0.50 


298 

17.97 

± 

0.55 

17.51 

± 

0.41 

9.05 

± 

1.35 

7.55 

± 

0.50 

C2H5 

403 

13.81 

± 

0.51 

13.78 

± 

0.68 

10.28 

± 

1.50 

10.21 

± 

1.20 


298 

13.71 

± 

0.60 

13.70 

± 

0.50 

9.92 

± 

1.75 

9.91 

± 

1.20 

1- c 4 H f 

375 

8.78 

± 

048 

9.23 

± 

1.20 

10.09 

± 

J 40 

;i.27 

± 

2.70 


298 

1.67 

± 

0.55 

8.99 

± 

0.95 

9.6? 

± 

1.65 

10.77 

± 

2.70 


The second-law method employs the following relationships to 
obtain thermochemical parameters for reaction i 

Atf, - £i - Eh (VI) 

AS, - R In (A,/AJ (VII) 

where A, and £, arc the A factor and activation energy for reaction 
1 . The literature values for Arrhenius parameters for reactions 
-I, -4, and -6 which we have adopted arc summarized in Table 
111. For k M , we adopt the recent direct determination of Seakins 
and Pilling . 29 For we take the average of recent direct 
determinations by Seakins and Pilling 29 and by Russell et al . 4 
(which are in excellent agreement). We combine the Seakins and 
Pilling determination of k M with the temperature-dependent ratios 
k^/ko and k_,/k , 7 reported by Coomber and Whittle 30 to obtain 
an Arrhenius expression for JL,. 

Br 4 CH 3 CHF 2 — CH 3 CF 2 4 HBr (17) 

Thermochemical parameters for reactions 1 , 4, and 6 obtained 
from the second-law analysis are given in Table IV. The tem- 
perature in each case is defined as the arithmetic mean of the 7" 1 
ranges employed in the determinations of k, (this work) and 
(Table III). Values for A// at 298 K were computed using heat 
capacity corrections obtained from Burcat (CH 3 ), 31 Chen et al. 
(C 2 H 5 ), 32 and Manion and Golden (r-C 4 H 9 ); 33 the corrections 
calculated by Manion and Golden are based in large part on the 
experimental and theoretical studies of Pacansky and co-work- 
ers . 34 " 37 Second-law values for A S at 298 K were computed from 
the relationship 

A G m - A N m - TA5 m - RT In *„(298 K) « 

RT In (M298 K)/*,<298 K)J (VIII) 

Values for k /( 298 K) were computed from the Arrhenius ex- 
pressions reported in this paper, while values for 298 K) were 
computed from the Arrhenius expressions in Table III. 

An alternate procedure for obtaining thermochemical param- 
eters is the “third-law method” where the entropy change is 


(29) Seatons, P. W Dissertation, Oxford University, 1990 Seatons, P W„ 
Pilling. M. J. Unpublished results. 

(30) Coomber. J. W.; Whittle, E. Trcns Faraday Soc 1964 . 62. 1553. 

(31) Burcat, A. In Combustion Chemistry, Gardiner, W. C., Jr., Ed.; 
Springer- Verlag: New York, 1984, pp 455-504. 

(32) Chen. Y.; Rauk, A., Tscbuikow-Roux, E. J Chem. Fhys 1990 . 93, 
1187 

(33) Mamon. J. A.; Golden. D M. Private communication. 

( 34 ) Pacansky. J.; Chang. J. S J Chem. Fhys 1981 . 74, 5539 

(35) Schrader. B Pacansk>. J.. Pfeiffer. U. J Fhys. Chem 1984 iS. 4069. 

(36) Pacansky. J.; Yoahimme. M. J Fhys. Chem 1984 , 90. 1980 

(37) Pacansky, J.; Koch, W.; Miller, M D J Am Chem Soc 1991 . 113, 
317. 
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TABLE V: Heirs of Formirioc aid R-H Bood Strengths' 

R A>WR) ^m(R-H) 

CH, 35 3 ± 0.5 105 3 ±06 

C 2 Hj 29.1 ±0 5 101.3 ±0 6 

r-C 4 H, 12.1 ± 0.7 96 4 ±0 8 

•Units ire kcal mol - '. 

calculated using standard statistical mechanical methods 38 and 
employed in conjunction with experimental values for K^fT) to 
obtain ±H T (using eq VIII). Absolute entropies as a function of 
temperature were obtained from Burcat 31 except in the cases of 
C 2 H 5 3:j9 and r-C 4 H* 33 where updated entropy calculations are 
available. Third-law entropy changes for reactions 1, 4 , and 6 
are given in Table IV. Uncertainties in the third-law .IS values 
are estimated on the basis of uncertainties in key structural pa- 
rameters. The uncertainties in calculated entropy changes increase 
with increasing alkyl radical complexity, due in large part to 
uncertainties in the magnitudes of internal rotation barriers for 
C 2 Hj 32 and particularly for /-C4H*. 1 * In units of cal mol" 1 deg" 1 , 
the 298 K entropies of CH 3 . C 2 H 3 , and f-C 4 H 9 used in our 
third-law determinations are 48.06, 58.98, and 75.70, respectively. 

The enthalpy changes for reactions 1, 4, and 6 determined in 
this study can be combined with the accurately known heats of 
formation of Br, HBr, and RH 23 * 31 to obtain alkyl radical heats 
of formation. Values for IH^^iR) are given in Table V along 
with R-H bond strengths derived by combining the A H ( °29«(R) 
values with known heats of formation for RH and H 23 - 31 Simple 
averages of the second- and third-law enthalpies of reaction have 
been employed to obtain our reported values for AM'wfR); this 
approach seems reasonable since (a) estimated uncertainties in 
the second- and third-law determinations are similar and (b) the 
second- and third-law values for A/Zj^f react ion /) agree to within 
a few tenths of a kilocalorie per mole in all three cases. The 
relatively low activation energies for reactions 4 and 6 reported 
in this study leads to heats of formation for C 2 H 5 and /-C 4 H 9 which 
are 0 4 and 0.5 kcal mol" 1 higher than those reported by Russell 
et al., 4 * 3 although our results agree with those of Russell et al. 
within combined uncertainties. As discussed briefly under In- 
troduction. Tsang has critically reviewed the literature and. 
showing a preference for thermochemical data from bond scission 
and recombination studies of simple alkanes and radicals over 
thermochemical data from iodination and bromination studies, 
has recommended values for the heats of formation of a number 
of alkyl radicals including C 2 H 3 ' and r-C 4 H 9 . 2 Our value for 
•^f°wi(C 2 H 5 ) * s 0 5 kcal mol" 1 larger than the value recom- 
mended b> Tsang. although in agreement within combined un- 
certainties. Our value for A/Z f 0 2W (/-C 4 H 9 ) is 0.2 kcal mol" 1 smaller 
than the value recommended by Tsang under the assumption that 
all barriers to internal rotation are zero but 1.1 kcal mol"' larger 
than the value recommended by Tsang under the assumption that 
all internal rotation barriers are 2.4 kcal mol" 1 ; a recent ab initio 
calculation 36 predicts that the barriers to methyl rotation are 1.51 
kcal mol -1 . The alkyl radical heats of formation reported in this 
study are significantly higher than those recommended by 
McMillen and Golden 3 in a critical review which showed a 
preference for results from iodination and bromination studies 
over those from bond scission and recombination studies; as 
discussed in detail by Gutman and co-workers, 4 * 5 - 3 the apparently 
incorrect assumption by McMillen and Golden of small positive 
activation energies for alkyl 4* HX reactions appears to completely 
account for the discrepancy. As discussed above. Muller-Mark- 
graf et al. 10 observe a significant positive activation energy for 


(38) See. for example. Knox. J. H. Molecular Thermodynamics, Wiley- 
Iniertccmcc: London. 1971 

(39) Brouard. M . Lightfooi. P D ; Pilling. M J. J. Phys Chem lfS6. 
90. 445 


Nicovich et al. 

reaction 7; hence, these authors denve a value for AM r ° m (i-C 4 H 9 ) 
which is 2.9 kcal mol"' lower than the value reported in this study. 

Mechanism for Alkyl -f HX Reactions. Traditionally, hydro- 
gen-transfer reactions such as R + HX — RH 4 X have been 
thought of as “direct" metathesis reactions with a barrier along 
the reaction coordinate and a single transition state located at the 
potential energy maximum. Rationalization of observed negative 
activation energies for R 4 HX reactions requires the postulate 
that reaction proceeds via formation of a weakly bound R-XH 
complex. 4 ” 6 * 12 As shown by Mozurkewich and Benson. 40 if the 
transition state leading from reactants to complex (TS1 ) is loose 
and the transition state leading from complex to products is both 
tighter and lower in energy compared to TS1, then a negative 
temperature dependence for the overall reaction should be ob- 
served. McEwen and Golden 12 have carried out a two-channel 
RRKM calculation that models the r-C 4 H 9 4 HI(DI) reactions 
as proceeding through a weakly bound complex; they were able 
to reproduce the kinetic results of Seetula et al. 6 for f-C 4 H 9 4 
HI with complex binding energies as low as 3 kcal mol' 1 . One 
interesting aspect of McEwen and Golden's study is the fact that 
models which were capable of reproducing experimentally ob- 
served 6 k(7~) values for r-C 4 H* 4 HI also predated an inverse 
kinetic isotope effect (KIE), i.e., k Hi <Jc Dt : the. inverse KIE results 
from the fact that the transition state leading from complex to 
products becomes looser with the lower vibrational frequencies 
associated with deuterium substitution Contrary to McEwen and 
Golden's predictions for r-C 4 H 9 4 HI. we observe normal KIEs 
for CHj, C 2 H 5 . and /-C 4 H 9 reactions with HBr. i.e k HBr > k Db , 
Richards et al 8 also observe a normal KIE for the f-C 4 H 9 4 HBr 
reaction. It does appear, however, that the magnitude of the KIE 
is reduced as the activation energy becomes more negative: i.e.. 
the observed KIE is largest for R = CH 3 and smallest for R * 
f-C 4 H 9 . Further experimental and theoretical studies of alkyl 4 
HX reaction dynamics are clearly needed before a detailed un- 
derstanding of these complex chemical reactions will be forth- 
coming. 
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Mote Added in Proof. We have recently become aware of a 
theoretical study of the CH 3 4 HBr reaction by Chen. Tschui- 
kow-Roux, and Rauk; two papers describing their study appear 
in this issue. These authors have calculated a potential energy 
surface for the CH 3 4 HBr reaction at the G1 level of theory and 
deduced the existence of a hydrogen-bridged complex with Cj, 
symmetry which is bound by 0.28 kcal mol" 1 and is formed without 
activation energy. They have also calculated rate constants for 
CH 3 4 HBr, CH 3 4 DBr, and CD 3 4 HBr from RRKM theory 
with corrections for tunneling evaluated using the Wigner method. 
Their calculated isotope effects agree quantitatively with those 
reported in this paper. 

Regfetrv No ICH,. 74-88-4 IC 2 H*. 75-03-6: Ir-C 4 H t . 558- 17-8; 
CljH. 7782-50-5; HCHj. 74-82-8: HC,H 5 . 74-84-0: HBr. 10035-10-6. 
CH,. 2229-07-4. C 2 H V 2025-56-1; /-C 4 H f , 1605-73-8, H. 1333-74-0: D. 
7782-39-0. 
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A User flssb photolysis-resonance fluorescence technique has been employed to study the kinetics of the Br( 2 P )/2 ) + NO^ 
association reaction as a function of temperature (259-432 K), pressure (12.5-700 Tort), and buffer gas identity (He, Ar, 
H 2 , N* CO* CF* SF*). The reaction is found to be in tbe falloff regime between third and second order over the entire 
range of conditions investigated. At temperatures below 350 K, the association reaction is found to be irreversible on the 
time scale of the experiment (~30 ms). At higher temperatures reversible addition is observed, allowing equilibrium constants 
for BrNOj formation and dissocUtion to be determined Second- and third-Uw analyses of the equilibrium data art in only 
fair agreement and lead to the following thermochemical parameters for the association reaction: A//*** ■ -19.6 ± 1.7 
kcal mol* 1 , - -18.6 ± 2.0 kcal mot* 1 , LS* m - -29.3 ± 4.2 cal moT 1 K“‘; A^ f *»,(BrN0 2 ) • 17.0 ± 1.8 kcal mof* 1 
(unceruinties are 2e estimates of absolute accuracy). Tbe value for A//* 0 determined in this study has been employed to 
calculate k^, the low-pressure third-order rate coefTidcm in the strong collision limit, by using the method of Troe; calculated 
values of are inconsistent with experimental results unless A/f* 0 i* assigned a value near the lower limit derived from 
analysis of the high-temperature approach to equilibrium data, i.c., A//* 0 -16.6 kcal mof* 1 . A potential source of systematic 

error in the calculation of both k ^ and the absolute entropy of BrN0 2 results from the complete lack of knowledge of tbe 
energies and degeneracies of the electronic states of BrNO* The procedure developed by Troe and co-workers has been 
employed to extrapolate experimental fallofT curves to tbe low- and high-pressure limits. Derived values for ko(M,298K) 
in units of IQ" 31 cm* molecule" 2 s* 1 range from 2.75 for M ■ He to 6.54 for M * C0 2 , 2* uncertainties are estimated to 
be ±20%. Values for ^(N 2 ,D in units of 10* 31 cm* molecule* a* 1 are 5.73 at 259 K, 4.61 at 298 K, and 3.21 at 346 JC; 
the observed temperature dependence for *o(N 2 ,7") is consistent with the theoretical temperature dependence for 0^**. 
Values for k m {T) in units of ID" 11 cm 3 molecule* 1 s* 1 art 2.86 at 259 K, 3.22 at 298 1C, and 3.73 at 346 K; 2 a uncertainties 
are estimated to be a factor of 2. Approximate falloff parameters in a convenient format for atmospheric modeling are also 
derived. 


Iatroductioo 

The reactions of fluorine and chlorine atoms with N0 2 have 
been studied extensively in cryogenic matrices 1 * 3 and in the gas 
phase.* -11 These studies have established tbe gas-phase kinetics 
of the F, G + NG 2 association reactions 5 * 1 1 and have demonstrated 
that both the nitrite (XONO) and the nitryl halide (XN0 2 ) 
isomers art produced. 1 "* Under atmospheric conditions, CIONO 
is the major product of the Cl + N0 2 reaction; the C1N0 2 yield 
is only about 0.2* Until very recently, the only information about 
the reaction 

Br( 3 P, /a ) + NOj + M — BrNOj + M (la) 

— BrONO + M (lb) 

came from cryogenic matrix studies, 1113 which demonstrated that 
BrN0 2 is the dominant product, i.e., h ]$ » this observation 
has now been extended to the gas phase. 14 Also, gas-phase BrNO} 
has recently been observed as a product of tbe heterogeneous 
reaction of NjOj vapor with solid NaBr. 15 Nitryl bromide could 
act as a reservoir for BrO t in the lower stratosphere, and it has 
recently been suggested 1 * that photolysis of BrN0 2 (formed via 
the N 2 0 5 (g) + NaBr(s) reaction) may initiate chain reactions 
that result in the recently observed ground-level arctic ozone 
bole. ,T • ,, Hence, there currently cxisti a great deal of interest 
in understanding the reaction kinetics, photochemistry, and 
thermochemistry of nitryl bromide. 

The only reported kinetics study of reaction l is the work of 
Mellouki et al., 1 * who employed a discharge flow technique with 
EPR and mass spectrometric analysis to measure k, at 298 K in 
helium buffer gas over the pressure range 0.6-11 Torn they report 
the low-pressure limit rate coefficient k lJD (Hc T 298K) ■ (3.7 ± 
0.7) x 10" 31 cm* molecule" 2 s" 1 . 

In this paper, we report the results of an experimental study 
that employed the laser flash photolysis-resonance fluorescence 
technique to study the kinetics of reaction 1 over wide ranges of 
temperature (259-432 K), pressure (12.5-700 Ton), and buffer 
gas identity (N* He, Ar, H* CO* CF 4 , SF*). These data allow 

•To whom correspondence should be add raised. 
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accurate values for k t (P,T) to be obtained over the pressure- 
temperature regime of atmospheric interest and provide the first 
data that can be used to estimate (with a rather large uncertainty) 
k lm , the rate coefficient in the high-pressure limit. At temper- 
atures above 350 K, bromine atom regeneration from BrN0 2 
decomposition occurred on tbe experimental time scale for reaction 
1, i.e., 10" 3 -10* 2 s. Analysis of the resultant double-exponential 
decays has allowed the first determinations of both BrN0 2 uni- 
molecular decomposition rate coefficients and tbe BrN0 2 beat 
of formation. 
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The Br( 2 P 3/2 ) + N0 2 Association Reaction 

Experimental Technique 

A schematic diagram of the laser flash photolysis-resonance 
fluorescence apparatus, as configured for bromine atom detection, 
is shown elsewhere* A description of the experimental meth- 
odology is given below. 

A Pyrex-jacketed reaction cell with an internal volume of 1 50 
cm 3 was used in all experiments. The cell was maintained at a 
constant temperature by circulating ethylene glycol or methanol 
from a thermostatically controlled bath through the outer jacket. 
A eopper-constantan thermocouple with a stainless steel jacket 
was injected into the reaction zone through a vacuum seal, thus 
allowing measurement of the gas temperature under the precise 
pressure and flow rite conditions of the experiment. 

Bromine atoms were produced by 266-nm pulsed laser photo- 
lysis of CF 2 Br 2 /N0 2 /M or Br^NO^M mixtures; a majority of 
experiments employed a CF 2 Br 2 as the bromine atom precursor. 
Fourth harmonic radiation from a Quanta Ray Model DCR-2 
Nd.YAG laser provided the photolytic light source. The laser 
could deliver up to 3 X 10“ photons/pulse at a repetition rite 
of up to 10 Hz; the pulse width was 6 ns. 

A bromine resonance lamp, situated perpendicular to the 
photolysis laser, excited resonance fluorescence in the photolytically 
produced atoms. The resonance lamp oonsisted of an electrodeless 
microwave discharge through about 1 Torr of a flowing mixture 
containing a trice of Br 2 in helium. The flows of a 0.2% Br 2 in 
helium mixture and pure helium into the lamp were controlled 
by separate needle valves, thus allowing the total pressure and 
Br 2 concentration to be adjusted for optimum signal-to- noise ratio. 
Radiation was coupled out of the lamp through a magnesium 
fluoride window and into the reaction cell through a magnesium 
fluoride lens. Before entering the reaction cell, the lamp output 
passed through a flowing gas filter containing 50 Torr cm of 
methane in nitrogen. The methane filter prevented radiation at 
wavelengths shorter than 140 nm (including impurity emissions 
from excited oxygen, hydrogen, chlorine, and nitrogen atoms) from 
entering the reaction cell but transmitted the strong bromine lines 
in the 140-160-nm region. 

Fluorescence was collected by a magnesium fluoride lens on 
an axis orthogonal to both the photolysis laser beam and the 
resonance lamp beam and was imaged onto the photocathode of 
a solar blind photomultiplier. Signals were processed by using 
photon-counting techniques in conjunction with multichannel 
scaling. For each bromine atom decay measured, signals from 
a large number of laser shots were averaged in order to obtain 
a well-defined temporal profile over (typically) three 1/e times 
of decay. 

To avoid accumulation of photolysis or reaction products, all 
experiments were carried out under “slow flow” conditions. The 
linear flow rate through the reactor was in the range 1-3 cm s"\ 
and the laser repetition rate was varied over the range 1-10 Hz 
(5 Hz typical). Hence, no volume element of the reaction mixture 
was subjected to more than a few laser shots. CF 2 Br 2 , Br 2 , and 
N0 2 were flowed into the reaction cell from bulbs (12-L volume) 
containing dilute mixtures in buffer gas. The photolyte (CF 2 Br 2 
or Br 2 ) mixture, N0 2 mixture, buffer gas, and a small amount 
of hydrogen were premixed before entering the reactor. The 
concentrations of each component in the reaction mixture were 
determined from measurements of the appropriate mass flow rates 
and the total pressure. The concentration of NOj in the reaction 
mixture was also determined by in situ UV photometry at 366 
nm. A mercury pen-ray lamp was employed as the light source 
for the photometric measurement, and an interference filter was 
used to isolate the three closely spaced Hg lines around 366 nm 
from other lamp emissions. For the lamp-filter combination 
employed, the “effective" N0 2 absorption cross section has been 
previously determined to be 5.75 X lCf 1 * cm 2 ; 21 experimental 
results were Found to be independent of whether the N0 2 ab- 


(20) Nicorich. J. M.; Shackelford, C. J.; Wine, F. H. J Fkotockem 
Fkotobiol. 1 99%, 31. 141 . 

(21 ) Wine, F. H.; K miner, N. M.; Ravijhankara, A. R. J. Fkyt. Ckem. 
1 * 7 *, 83, 3191 . 
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•orption cell was positioned upstream or downstream relative to 
the reaction cell. 

The gases used in this study had the following stated minimum 
purities: N 2 , 99.999%; He, 99.999%; Ar, 99.999%; H 2 , 99.999%; 
CO* 99.998%; SF* 99.99%; O* 99.99%; CF 4 , 99.7%; NO, 99.0%. 
All gases except NO were used as supplied. The procedures 
employed to purify NO and synthesize pure N0 2 from the NO 
+ 0 2 reaction are described elsewhere. 22 The liquids used in this 
study had the following stated minimum purities; CF 2 Br 2 , 99.0%; 
Br* 99.94%. Both CF 2 Br 2 and Br 2 were transferred under nitrogen 
into vials fitted with higb-vacuum stopcocks and were degassed 
repeatedly at 77 K before being used to prepare gaseous photo- 
lyte-buffcr gas mixtures. 

Results and Discussion 

In a vast majority of experiments, bromine atoms were gen- 
erated by laser flash photolysis of CF 2 Br 2 : 

CF 2 Br 2 + M 266 nm) — CF 2 Br + Br( 2 P y ) (2) 

The CF 2 Br 2 absorption cross section at 266 nm is 8 x 10"* cm 2 
(T* 298 KJ^and the bromine atom yield is unity. 24 * In a few 
experiments, the following alternative bromine atom production 
scheme was employed: 

Br 2 + M266 nm) — 2Br( 2 P,) (3) 

N0 2 4- hw { 266 nm) NO ♦ O (4) 

O + Br 2 -• BrO 4- Br( 2 P,) (5) 

Absorption cross sections for Br 2 and N0 2 at 266 nm are ^2X 
IQ-* 23 and 2.7 x 10~* cm 2 , 26 respectively. To minimize pro- 
duction of NO from the side reaction 

O 4- NO : -NO + Oj (6) 

rather large concentrations of CF 2 Br 2 (or BrJ and low laser powers 
were typically employed. Observed kinetics were independent of 
laser power and photolyte concentration over wide ranges; con- 
centrations of photolytically produced bromine atoms ranged from 
3 X 10'° to 30 x I0 10 atoms cm" 3 . Observed kinetics were also 
found to be independent of whether reaction 2 or reactions 3-5 
was employed as the bromine atom source. 

To ensure rapid relaxation of bromine atoms in the spin-orbit 
excited 2 P,y 2 state, about 1 Toir of H 2 was added to the reaction 
mixture. The reaction 

Br^P./i) + H,(r- 0 ) - Br{ } P }/ :) + H,(d- 1 ) (7) 

is known to be fast, with * 7 w 6 x I O’" 12 cm 3 molecule" 1 s" 1 . 27 
Since the equilibrium concentration of Br( 2 P l/2 ) is negligible over 
the temperature range of our study, all measured bromine atom 
temporal profiles should be considered as representative of removal 
of ground-state atoms, Br( 2 P 3/2 ); in the discussion that follows 
Br * Br( 2 P 3 / 2 ). 

All experiments were carried out under pseudo- first-order 
conditions with NOj in large excess over Br. Hence, in the absence 
of side reactions that remove or produce Br, the Br temporal profile 
following the laser flash would be described by the relationship 

In t[Br)o/[Br] f ) - (MNOJ ♦ *,)r * *'< (I) 

where k % is the rate coefficient for the process 

Br first-order loss by diffusion from the detector field of 

view and/or reaction with background impurities (8) 


(22) Daykin, E. P.; Wine, F. H. J. Pkyx Ckem. 1**0, W, 4528 

(23) Molina, L. T.; Molina, L. J.; Rowland, F. S. J Fhyx. Ckem. 1*2, 
86, 2672. 

(24) Rjviihankira, A. R. XI tk International Conference on Gas Kinetics, 
Attisi. Italy, 1990; paper O-ll. 

(25) Calvert, J. C.; Fitts, J. N„ Jr. Fkoxockemistry, Wiley. New York, 
1966; p 1S4. 

(26) Schneider, W.; Moortftt, G. K.; Tyndall, G. S.; Burrow*, J. P. J. 
Fkoiockem. Fkotobiol ., A 1*7, 40, 195. 

(27) Neabitt, D. J., Leone. S R J. Ckem. Fkys 1*0. 73, 6182 
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Ffcfvrt 1 . Typical Brf 2 ?^) temporal profiles observed at T < 350 K. 
Ex peri menu! conditions. T ■ 298 K; P » 100 Torr, M ■ N»; [CFjBrJ 
■ 2.0 x 10 ,J molecules cm' 1 ; [Br] 0 • 6 X 10 10 atoms cm' 1 ; [N0 2 ] in 
units of 10 15 molecules cm’ 1 (a) 0, (b) 0.886, (c) 1 .97, (d) 4.69; number 
of laser shots averaged (a) 100, (b) 400, (c) 700, (d) 2001. Solid lines 
art obuined from least-squares analyses and give the following paeudo- 
first-order decay rates in units of s' 1 : (a) 12, (b) 950, (c) 2250, (d) 5290 



0 8 


(WQj 1 (10* om* rnot+cu*' a 1 ) 

Figure 2. Typical plot of k\ the Br( 2 P 2/1 ) pseu do- Hrst -order decay rate, 
versus N0 2 concentration for dau obuined at T < 350 K. Experimental 
conditions; T ■ 298 K; P ■ 100 Torr, M ■ N 2 . Tbe solid line is obuined 
from a linear least-squares analysis and gives tbe bimolecular rate 
coefficient shown in the Figure. 

The bimolecular rate coefficient! of interest, *i([M],7") are de- 
termined from the slopes of k ' versus [N0 2 ] plots. Observation 
of Br temporal profiles that are exponential (i.e., obey eq I), a 
linear dependence of k ' on [NOJ, and invariance of k'to variation 
in laser photon fluence and photolyte concentration strongly 
suggest that reactions 1 and 8 are, indeed, the only processes that 
significantly affect the Br time history. 

Kinetics at T < 350 K. For all experiments carried out at 
temperatures below 350 K, well-behaved pseudo- first -order kinetics 
were observed, i.e., Br temporal profiles obeyed eq I and It 'in- 
creased linearly with increasing [NOJ but was independent of 
laser photon fluence and photolyte concentration. Typical data 
are shown in Figures 1 and 2. Measured bimolecular rate 
coefficient kf[M],T), are summarized in Table I. Kinetics 
studies were restricted to T t 259 K because NOj dimerization 
became a problem at lower temperatures. 9 

Parametrization of M[NJ,7) for Atmospheric Modeling. For 
purposes of atmospheric modeling , it is convenient to generate 
a mathematical expression that can be used to compute MfNJ.T) 
over the range of relevant temperatures and pressures (the effi- 


(28) Blend, H. J. Ckem Pkys. 1971, 53, 4497. 


TABLE I: Rate Coefficients for tW Reaction Br + NOj + M — 
BcNOj 4 M Obuined mder Experimental Condition* (T < 350 K) 
Where the Association Reaction Was Irreversible on the Tin* Scak 
for Br Decay* 


A |t IQ- 11 cm 3 molecule' 1 s' 1 


M 

Torr 

259 K 

298 K 

346 K 

He 

12.5 


0.97 ± 0.02 



25 


1.92 ± 0.04 


At 

12.5 


1.26 ± 0.02 



25 


2.42 ± 0.03 


h 2 

12.5 


1.92 ± 0.05 



25 


3.23 ± 0.08 


n 2 

12.5 

2.36 ± 0.23 

1.73 ± 0.15 

1.07 ± 0.04 


25 

4.83 ± 0 40 

3.18 ± 0.10 

1.98 ± 0.04 


50 

8.24 ± 0.49 

6.20 ± 0.27 

3.66 ± 0.07 


100 

15.4 ± 1.2 

11.3 ± 0.4 

6.72 ± 0.08 


200 

26.5 ± 0.9 

19.8 ± 1.4 

12.3 ±0.4 


400 

42.7 ± 2.1 

31.6 ± 1.6 

22.8 ± 1.0 


700 

62.9 ± 4.3 

48.6 ± 1.0 

35.4 ± 1.6 

co 2 

12.5 


2.36 ± 0.10 



25 


4.52 ± 0.15 


cf 4 

12.5 


2.27 ± 0.47 



25 


4.27 ± 0.08 

. 9 


50 


7.93 ± 0.23 



100 


14.2 ± 0.5 



200 


26.6 ± 1.8 



400 


44.1 ± 0.9 



700 


63.9 ± 3.5 


sf 4 

12.5 


2.06 ± 0.03 



25 


3.64 ± 0.26 



•Error* art 2e and represent precision only. 



Flgw*3 Best Hu of the *i(N h 7") versus pressure dau to eq 11. Squares, 
circles, and triangles are experimenul dau at different temperatures. 
Sold lines are calculated from eq 11 with A • 4.24 x 10“ >, (T/300)“ U 
cm* molecule' 2 s' 1 and B ■ 2.66 X 10“* ‘(T/SOO)^ 0 cm 3 molecule" 1 a' 1 . 


ciency of 0 2 as a third body is generally very similar to that of 
NJ. The expression generally used for this purpose is 9 

» \A/[\ + (II) 

where 

A - MrHNJ - A l<o (3O0K)(r/300P (III) 

* - *,,.m - 4, .(300K)(r/300)- (IV) 

In the above expressions, A lf0 and k Lm art approximations to the 
low- and high-pressure limit rate eoe/ticienls for reaction 1 . Fitting 
our measured values of *,([N 2 ],r) to eq II gives the following 
parameters: 


(29) See, for example; DeMore, W. B ; Sander. S. P., Golden, D. M.; 
Molina, M. J.; Hampaoa, R. F.; Kurylo, M J.; Howard, C. J.; Rjvishankin. 
A R. Chemical Kinetics and Photochemical Data for Use in Stratospheric 
Modeling-. Evaluation no. 9, Jet Propulsion Laboratory publication 90-1, 1990. 
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A - 4.24 x icr 5, (r/300r 14 cm* molecule' 2 s'* 

B - 2.66 x l(T ll (r/300) ox> cm 3 molecule' 1 s' 1 

Falloff curves calculated by substituting the above parameters 
into eq II art compared with measured rate coefficients in Figure 
3; the parametrization represents the experimental data very well. 

Kinetics at T> 350 K. At temperatures above 350 K bromine 
atom regeneration due to a secondary reaction became evident. 
Observed Br temporal profiles were independent of laser fluence 
and CF 2 Br 2 concentration but varied as a function of [N0 2 ] and 
[M] in the manner expected if unimolecular decomposition of 
BrN0 2 was the source of regenerated Br. Assuming that BrNC^ 
regeneration was occurring, the relevant kinetic scheme controlling 
Br removal includes not only reactions 1 and 8 but also the ad- 
ditional reactions 

BrN0 2 + M Br + N0 2 + M (-1) 

BrN0 2 — 

first-order loss by processes that do not regenerate Br atoms 

(9) 

Assuming that all processes affecting Br and BrN0 2 concentra- 
tions are first order, the rate equations for reactions 1, -1, 8, and 
9 can be solved analytically: 

[Br],/[Br] 0 « 

KQ 4- X,) exp<X,/) - (G + X 2 ) exp(X 2 r)]/(X l - X 2 ) (V) 


where 

X, - 0.5[(<i 2 -46) , / 2 -fl] (VI) 

X 2 - -0.5[(c 2 -46) , / 2 -fl] (VII) 

G * *-i + (VIII) 

a - Q + k% + A,[N0 2 ] “ -<*i + X 2 ) (IX) 
+ N0 2 ] «X,X 2 (X) 


Observed temporal profiles for Br atoms were fit to the double- 
exponential eq V by using a nonlinear least-squares method to 
obtain values for X,, X 2 , and Q for each decay. The background 
Br atom loss rate in the absence of N0 2 (k % ) was directly measured 
at each temperature and pressure; k t ranged from 10 to 90 s' 1 . 
Rearrangement of the above equations shows that the fit param- 
eters X,, X h and Q can be related to the rate coefficients of interest 
as follows: 

A, --<(?♦ *2 ♦X l + X 2 )/[ NOJ (XI) 

** * (X,X 2 -X 2 G)/*,[N0 2 ] (XII) 

A-, - G - (XIII) 

Typical Br atom temporal profiles observed in the high-tem- 
perature experiments are shown in Figure 4 along with best fits 
to eq V. The results for all high-temperature experiments are 
summarized in Table 11. The equilibrium constants, K r given 
in Table II are computed from the relationship 

K f - A,/*.,rtr - Kt/RT (XIV) 

It is worth noting that values for A,([N 2 ],7") obtained from the 
least-squares analyses are consistent with those expected based 
on extrapolation of data from T < 350 K. We believe that 
reported values for A,, even at high temperature where Br re- 
generation is fast, are accurate to within ±20%. Absolute un- 
certainties in reported values for It., are somewhat more difficult 
to assess Inspection of Table II shows that the precision in 
multiple determinations of It., at a particular temperature and 
pressure (for varying [N0 2 ]) is quite good, even at low T and low 
P % where A* contributes about as much as A., to the parameter 
Q An inherent assumption in our analysis is that the only sig- 
nificant BrN0 2 loss process that results in Br atom production 
is reaction -1; as long as this assumption is correct (it almost 
certainly is), we believe the absolute accuracy of our reported A., 
values is ±30% over the full range of temperature and pressure 
investigated. 
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fifart 4. Typical Br( 2 P J/2 ) temporal profiles observed at T > 350 K. 
Experimental conditions: 7*411 K, P * 50 Tore, M * N 2 ; [CFjBrJ 
* (2. 2-2. 8) x 10 13 molecules cm" 3 ; [Br] 0 ■ (6-8) X 10 10 atoms cm" 3 ; 
[N0 2 1 in units of 10 15 molecules cm" 3 (A) 2.22, (B) 4.01, (C) 7.09; 
number of laser shots averaged (A) 3000, (B) 3000, (C) 5000 Solid lines 
are obtained from nonlinear least-squares fits to eq V. Best-fit param- 
eters in units ofs" 1 are -X, - (A) 83.8, (B) 107, (C) 1 15, -X 2 ■ (A) 837, 
(B) 1280, (C) 1830; Q - (A) 462, (B) 525, (C) 500 The inset shows 
trace B with the signal counts displayed on a linear scale. 



Flgwe 5. van’t Hoff plot for the reaction Br ♦ NC^ — BrNC^. The 
small numbers inside the data points indicate the number of individual 
ax peri menu that were averaged to obtain the particular point. The solid 
line is obtained from a weighted least-squares analysis and gives the 
second -li* thermochemical parameters AS/*, * -18 64 ± 0.56 kcal 
moT 1 (slope) and AS*, - -26.94 ± 1.40 cal mol" 1 deg" 1 (intercept). The 
dotted line is obtained from a third-law analysis with K f at 401 K as- 
signed the value obtained by interpolation using the second-law method; 
third-law thermochcrmcal parameters are A//*, * -20.77 kcal moT 1 and 
AS*, ■ -32.24 cal mol" 1 deg" 1 . 

fir/VOj Thermochemistry. A van’t HofT plot for the equilibrium 
defined by reactions I and -1 is shown in Figure S. Since 

In K, - (AS//?) - (A H/RT) (XV) 

the enthalpy change associated with reaction I is obtained from 
the slope of the van’! Hoff plot while the entropy change is ob- 
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TABLE n: 

Roths of the Br + NO, + N, ~ 

BrNO) ♦ N, Approach- to- Equilibrium Experii 

Dents' 





T 

P 

CF,Br, 

concn 

Br^ 

NOj 

Q 

-x, 


4. 

4, 

4, 

4-, 


374 

200 

30 

0.10 

505 

273 

108 

694 

54 

126 

9.39 

146 

126 000 



30 

0.09 

1140 

323 

127 

1390 

54 

139 

9.95 

184 

106 000 



30 

0.10 

3290 

261 

76.9 

3450 

54 

78 

9.76 

183 

105000 

375 

50 

24 

0.08 

346 

117 

43.2 

214 

39 

46 

2.93 

71 

80 800 



24 

0.08 

1560 

163 

85.0 

553 

39 

93 

2.80 

70 

79 500 



24 

0.08 

2270 

152 

76.6 

754 

39 

81 

2.82 

71 

77 700 

381 

100 

16 

0.09 

1250 

200 

42.3 

792 

21 

48 

4.93 

152 

62400 



46 

0.25 

2530 

222 

554 

1450 

21 

60 

4.97 

162 

59 100 



15 

0.03 

2600 

219 

52.1 

1480 

21 

56 

4.96 

163 

58 600 



5 

0.03 

2660 

285 

82.9 

1560 

21 

92 

5.01 

193 

50000 



16 

0.09 

2740 

240 

63.6 

1500 

21 

69 

4.77 

170 

54 000 



16 

0.08 

4100 

232 

60.2 

2250 

21 

64 

5.01 

169 

57 200 

381 

400 

20 

0.09 

987 

602 

90.3 

2040 

40 

180 

15.3 

422 

69 800 



20 

0.09 

2670 

444 

130 

4740 

40 

197 

16.2 

439 

71200 

382 

25 

15 

0.09 

1420 

64 

28.3 

262 

43 

25 

1.30 

39 

64 000 



23 

0.06 

3450 

96 

52.9 

598 

43 

54 

1.48 

42 

67 100 

388 

50 

23 

0.09 

1270 

168 

51.5 

477 

30 

59 

2.60 

109 

45100 



23 

0.07 

2490 

204 

73,3 

804 

30 

82 

. 2.58 

121 > 

40200 

389 

200 

29 

0.09 

790 

556 

146 

1110 

•72 

194 

7.93 

362 

* 41400 



29 

0.09 

1720 

581 

165 

1980 

72 

191 

8.68 

390 

42000 



29 

0.09 

2550 

513 

135 

2650 

72 

183 

8.72 

389 

42 300 

393 

100 

18 

0.05 

594 

372 

62.1 

584 

33 

100 

4.05 

273 

27 700 



213 

0.07 

1820 

379 

78.7 

1130 

33 

96 

4.40 

283 

29 000 



18 

0.06 

2370 

399 

85.4 

1420 

33 

101 

4.52 

298 

28 300 



21 

0.07 

3340 

393 

82.2 

1860 

33 

92 

4.57 

301 

28 400 

394 

400 

26 

0.07 

768 

1060 

186 

2300 

86 

251 

17.5 

805 

40600 



127 

0.07 

784 

1150 

180 

2390 

86 

248 

17.0 

904 

31000 



43 

0.12 

1740 

1050 

199 

3820 

86 

232 

16.7 

817 

38 000 

404 

50 

22 

0.07 

1250 

341 

68 3 

583 

33 

103 

2.22 

238 

17000 



22 

0.07 

2780 

337 

78.2 

888 

33 

98 

2.14 

239 

13900 



22 

0.07 

4380 

481 

144 

1380 

33 

181 

2.30 

300 

16300 

411 

50 

22 

0.07 

2220 

462 

83.8 

837 

32 

130 

1.92 

332 

10300 



22 

0.06 

4010 

525 

107 

1280 

32 

144 

2.07 

380 

9 740 



28 

0.08 

7090 

500 

115 

1830 

32 

137 

2.00 

362 

9 840 

411 

100 

25 

0.08 

1330 

866 

94 4 

1260 

25 

209 

3.53 

657 

9600 



26 

0.09 

2430 

866 

117 

1670 

25 

193 

3.70 

673 

9 800 



26 

0.09 

5150 

820 

132 

2580 

25 

171 

3.63 

649 

9 980 

412 

200 

33 

0.11 

1460 

1770 

188 

2720 

43 

396 

7.63 

1380 

9 880 



24 

0.10 

3660 

1400 

197 

3770 

43 

271 

6.90 

1130 

10900 



33 

0.12 

5590 

1600 

281 

5490 

43 

357 

7.37 

1250 

10 500 

419 

50 

38 

0.10 

4050 

637 

119 

1290 

47 

170 

1.80 

467 

6 750 



38 

0.10 

6620 

772 

166 

1940 

47 

222 

1.94 

549 

6180 

420 

200 

38 

0.10 

4620 

1960 

311 

4560 

90 

441 

6.11 

1520 

7010 



38 

0.10 

7480 

2060 

346 

6970 

90 

431 

6.89 

1630 

7 380 



38 

0.10 

10400 

1960 

356 

8400 

90 

419 

6.42 

1540 

7310 

425 

100 

34 

0.10 

5370 

1590 

197 

3130 

25 

336 

3.20 

1250 

4 420 

431 

50 

39 

0.09 

4940 

1060 

156 

1740 

44 

286 

1.60 

777 

3 500 



39 

0.09 

6030 

1120 

172 

2020 

40 

288 

1.72 

827 

3 540 

431 

100 

44 

0.09 

7870 

1980 

265 

4230 

34 

425 

3.15 

1560 

3440 



44 

0.09 

12200 

2020 

323 

5540 

34 

452 

3.11 

1570 

3 380 



44 

0.10 

16100 

2030 

379 

6820 

34 

490 

3.19 

1540 

3530 

432 

25 

42 

0.09 

5280 

562 

129 

981 

79 

174 

0.89 

388 

3 890 



42 

0.09 

5960 

656 

142 

1170 

79 

198 

0.98 

458 

3630 


•Units are as follows: 7\ K; P, Torr, concentrations, lO’Vcni 1 ; (?, X,, X h 4.,, 4,, k* i H ; 4,. KT 13 cm 3 molecule* 1 r 1 ; R r aim’ 1 . 


tained from the intercept (solid line in Figure 5). At 401 K, the 
midpoint of the experimental 1 /T range, this “second-law method* 
yields the results A//*,! ■ -18.64 ± 0.56 kcal mol ” 1 and AS’jo, 
• -26.94 ± 1.40 cal mol * 1 K“\ where the e rrors are 2a and 
represent precision only. 

In addition to the second-law analysis described above, we also 
carried out a third-law analysis, where the experimental value for 
A, at 401 K was employed rn conjunction with a calculated entropy 
change to determine A//^,. To calculate the absolute entropy 
of BrN0 2 , we employed the vibrational frequencies reported in 
the above-mentioned matrix isolation studies 12 * 13 and tabulated 
by J acox . 30 On the basis of reported structural parameters for 
FNOj, CINOj, FNO, C 1 NO, and BrNO , 31 we assumed that 


(30) Jicox. M. E. J. Phys. Ckem. Rtf Data 1 PM. 13. 945. 

(31 ) Hirmony. M. D.; Laurie, V. W.; Kuczkowski, R. Schwendemin, 
R. H.; Ramsay, D A.; Lot as, F. Ja UfTerty. W. Ja Maki, A. C. J. Phys 
Chem Ref Data 1979. 8 . 619 and references therein. 


BrNOj is planar with an N-Br bond length of 2.1 A, N-0 bond 
lengths of 1.2 A. and an O-N-O bond angle of 125*; these 
estimates are expected to be reasonably accurate. In the absence 
of information about BrN0 2 electronic states, we assumed that 
the electronic contribution to the BrN0 2 entropy is zero, i.c., a 
singlet ground state with no low-lying excited states. All pa- 
rameters used in the calculation of the entropy change for reaction 
I are summarized in Table III. 

The entropy change calculated from the third-law analysis, 
AS«oi ■ -32J4 cal moT 1 K* 1 , differs substantially from the entropy 
change obtained from the second-law analysis (see above); hence, 
the value for A //401 obtained from the third-law analysis, A //401 
■ -20.77 kcal mol* 1 , differs by 2.13 kcal mol " 1 from the value 
obtained from the second-law analysis. The major source of 
uncertainty in the calculation of AS appears to be in the electronic 
contribution to the BrN0 2 entropy. For example, if the ground 
electronic state of BrNC^ were assumed to be a triplet rather than 
a singlet, the difference between the second- and third-law en- 
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TABLE III: Mottcatar Panaxtm Um 4 ia CilcataOo* of ClS tad k 


Lennard-Jones pa rams 


species 

e, cm* 1 

tc 


£,.* cm’ 1 

/, imu A 3 

A 

t/k, K 

ref 

BrN0 3 

402 

1 

- 

• 

183.3' 

4.35' 

341' 

30-32 


196 




36.3 





574 




219.6 





784 









1289 









1660 








no 2 

757 

2 

2 

~ 14500 

40.8 



45, 46 


1358 




38.6 





1665 




2.1 




Br 


4 

2 

3685 




47 

He 






2.55 

10 

48 

Ar 






3.47 

114 

49 

h 2 






2.83 

60 

48 

n! 






3.61 

91.5 

50 

co 2 






3.94 

201 

49 

cf 4 






4.49 

167 

49 

SF* 






5.20 

212 

49 


•g* fi ■ degeneracies of the ground ind first excited electronic states, respectively. *£| ■ energy difference between the ground and first excited 
electronic states. 'BrN0 2 structure estimated based on information for C1N0 2 , CINO* and BrNO from ref Jl (see text). 'Estimated based oc 
parameters for CINOj and BrON0 2 given in ref 32. 


tropies would be reduced from 5.30 to 3.12 cal mol -1 K’ 1 . Until 
the source of the difference between the second- and third-law 
results is better understood, it seems most prudent to report the 
average of the two values and adjust error limits so as to encompass 
all reasonable possibilities. Using this approach, we report A//*, 
« -19.7 ± 1.7 kcal mol' 1 and AS*, ■ 29.6 ± 4.2 cal mol' 1 K* 1 , 
where the errors are 2<r estimates of absolute accuracy. 

The parameters in Table 111 have been employed to correct the 
above enthalpies and entropies to 298 and 0 K values. We obtain 
the following results: A * -19.6 ± 1.7 kcal moM, A/f* 0 
■ -18.6 ± 2.0 kcal mof"' (*the Br-N0 2 bond dissociation energy), 
AS* j* * -29.3 ± 4.2 cal mol" 1 K’ 1 . In conjunction with known 
heats of formation for Br and NO;, 2 * our value for A leads 
to the result of A// f ° w (BrN0 2 ) * 17.0 ± 1.8 kcal mol" 1 . Un- 
certainties in the above thermochemical parameters are 2<r and 
include both precision and estimates of systematic errors. 

Comparison of Theoretical A, o 50 wit ^ Experiment. Since 
reaction 1 appears to be a barrierless process, our experimental 
value for -£J/° 0 can be equated with £<>, the critical energy for 
BrN0 2 dissociation. Hence, our experimental value for A//° 0 can 
be employed to calculate * 1 . 0 *°, the low-pressure limit value for 
A, in the "strong collision" limit, which is related to k lfi via the 
relationship 

*.jo - (XVI) 


where 6 C is the collisional efficiency (0 < 0 C < 1). For collisions 
of an energized adduct with N 2 at 298 K, 0 C ~ 0.3 is typical.” 
On the basis of analytical solutions of the master equation for an 
exponential collision model, it has been shown 33 that the tem- 
perature dependence of 0 C can be approximated by the expression 

fled - 0, ,/2 r I - -(AEXFifcTV 1 (XVII) 


where (A£) is the average energy removed from the energized 
adduct per collision and £ t is given by the expression 33 


F* at 


Cl (i-D! ( RT 
io(x- \-vy\E 0 ^a(E i 


v 


e(E 0 )E t / 


(XVIII) 


where s is the number of adduct vibrational degrees of freedom, 
o(£ 0 ) is the Whitten-Rabinovitch parameter, 24 and E t is the 
adduct zero-point energy; for BrNC^ s ■ 6, £ 0 ~ 18.6 kcal moT 1 
(as determined in this study), a(E 0 ) ■ 0.949, and E t ■ 7.441 kcal 
mol" 1 . We have employed eq XVII to calculate the temperature 


(32) Pstrick, R.; Golden, D M /«. J Chem. Kitm. I9i3, 13, 1119. 

(33) Troe. J. J . Chem. Rhys 1977, 66, 4745. 

(34) Robinson, P. J.; Holbrook, K. A. Urn molecular Reactions-, Wiley: 
Loodocx, 1972. 


TABLE rV: Comparison of Theoretical and Experimental 
Low-Pressure Third- Order Rate Coefficicats 

10" JI cm* molecule" 3 s' 1 



259 K 

298 K 

346 K 

£* kcal mol* 1 
16.6 

5.38 

3.87 

2.59 

18.6 

0.723 

0.516 

0.363 

20.6 

0.093 

0.067 

0.047 

exptl k lJD 

5.73 

4.61 

3.21 


*0c(N 2 ,298K) assumed to be 0.3; temperature dependence of £ c cal- 
culated from eq XVII with (A £) assumed to be temperature inde- 
pendent. 

dependence of 0 C under the assumption that ( A£) is temperature 
independent. 

The methodology employed to calculate jf 0 was developed 
by Troe; 33J5 the relevant equations are summarized in a "user- 
friendly* form by Patrick and Golden. 33 Values for k lJQ x have 
been calculated for N 2 buffer gas at the three experimental tem- 
peratures 259, 298, and 346 K. and for three choices of A //° 0 
spanning the range of values consistent with our "approach to 
equilibrium" experiments, i.e., -A £f* 0 * 18.6 ± 2.0 kcal moT 1 . 
To facilitate comparison of calculated Ajo 50 values with exper- 
imental k lfi values, we assume that 0 C ■ 0.3 at 298 K and calculate 
the temperature dependence of 0 C as described above. The pro- 
cedure employed to extrapolate from our experimental pressure 
range to the low-pressure limit is described in the next section; 
because experiments were carried out at pressures not far removed 
from the low-pressure limit, this extrapolation is expected to be 
quite accurate. 

Experimental and tbeoretical results are compared in Table IV. 
The experimental temperature dependence for k lJD agrees rea- 
sonably well with the calculated temperature dependence for 
0 c*ijd • However, the magnitude of calculated values for 0 e *i,o #c 
is inconsistent with experiment when -A//° 0 is assigned a value 
of 18.6 kcal mol’ 1 , the average of our second- and third-law 
determinations. Only when -A/f% is assigned our experimental 
lower limit value of 16.6 kcal mol*' does the magnitude of k lfi K 
fall in the range expected based on eq XVI. 

The above comparison of theory with experiment can be in- 
terpreted as favoring our second-law determination of the enthalpy 
change over our third-law determination. However, alternative 
explanations also exist. For example, Smith has discussed the 
potential role of electronically excited states in recombination 
reactions. 24 In the low-pressure regime, Smith finds that the role 


(35) Troe, J. J . Chem. Rhys. 1977, 66, 4758 

(36) Smith, 1. W M. /*. J Chem Kinet. 19*4, 16, 423. 
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of bound excited states falls rapidly as the size of the system 
increases due to the much steeper increase of state density with 
internal energy for molecules with more degrees of freedom. For 
a four-atom system such as BrNO* reaction on an excited-state 
potential energy surface could contribute to k lj0 if a bound, very 
low lying excited state existed. The existence of a reaction channel 
leading to formation of the BrONO isomer is another potential 
complication. Only the BrN0 2 isomer is observed when Br and 
NOj arc codeposited into argon matrices at ~10 It, 12 * 13 although 
near-ultraviolet photolysis of matrix isolated BrN0 2 does result 
in isomerization to BrONO. 12 Recently, Yarwood and Niki 14 
carried out a study where reaction products were monitored by 
FTIR spectroscopy during UV photolysis of Brj/NO^air mix- 
tures; they observed BrN0 2 as a reaction product but did not 
observe BrONO even though (by analogy with CIONO) the 
1725-cm" 1 band of BrONO should have a strong Q branch and, 
therefore, be relatively easy to detect. 14 Hence, the available 
evidence argues against the existence of a significant channel for 
BrONO formation. 

Extrapolation of Experimental Results To Obtain k 1JD and k lm . 
Under all experimental conditions employed in this study, reaction 
1 is found to be in the “fallofT region between third and second 
order. Troe and co- workers 33 J5J%40 have shown that bi molecular 
rate coefficient versus pressure curves (i.e., falloff curves) for 
addition reactions can be approximated by the three-parameter 
equation 

*([M],D - UD finfXI M] f D (XIX) 

where ^LH is the Lindemann-Hinshelwood factor: 

f lh » c/a ♦ o (xx) 

C-MM,D[M]/UD (XXI) 

and £([M],T) is a parameter that characterizes the broadening 
of the falloff curve due to the energy dependence of the rate 
coefficient for the decomposition of the energized adduct. 
f([M],7") is the product of strong collision and weak collision 
broadening factors: 

«[M],7) - f*([ M],n ^ c ([M],n (XXII) 

Both the strong collision and weak collision broadening factors 
are parametrized as a pressure-independent parameter raised to 
a pressure-dependent power: 

f^UMl.T) - (XXIII) 

F* C (IM IT) - f wc c (M,7y <,M, r) (XXIV) 

*([M),D - |1 + ((log C-CmjAN* ♦ 6D))V (XXV) 

- 0.75 - 1. 27 Jog F^ciT) 

£>-0.1 ♦ 0.6 log 

l-+!irc>l. « - -1 if C < 1 

rt[M] t 7} - U ♦ [D/(N*z - dD))V (XXVI) 
N** • 0.7 + 0.35* - 0.25 log fl c 
£> - log C «*• 0.0855* - 0.17 log 
d - -0.2 - 0.12 log 0 C 

where the parameter 5* in equation XXVI is defined below. F^ c 
can be estimated from structural information about the adduct 
(Table III), 27 * 21 whereas estimation of f* c c requires knowledge 


(37) Trot, J. J. Fhys. Ckem. 1*7*, 83. I U. 

(31) Luther, K.; Troe, J. lm Symp. Combust Proe 1*7|, /7, 335. 

(39) Troe, J. Ber. BunsemCes Pkys. Ckem 19*3, 87 , 161. 

(40) Gilbert, R. G.; Luther, Ka Troe, J. Ber. BunsemGts. Pkys. Ckem 
!*tJ. 87. 169. 


Kreutter et al. 

of the efficiency of energy transfer between the energized adduct 
and the buffer gas. 

Values for fc have been determined by Luther and Troe 31 - 34 
in tabular form as a function of the reduced Kassel integral 
parameters 5* and B K . 5* is given by the relationship 

5* - 5* + (£,. - E 0 )/*T (XXVII) 

where £ g . is the Arrhenius activation energy for unimolecular 
decomposition of the adduct in the high-pressure limit (an ill- 
defined parameter) and 5^ is the effective number of transi- 
tion-state oscillators. 5*r can be estimated from the vibrational 
partition function of the adduct molecule: 

S^r « -r' d In &»/dr' - £(Ar,/*D[exp(A.-,/*D - 1]*' 

(xxvni) 

The parameter 5* is approximated by 

Bi- B\S t - l)/(i- 1) (XXIX) 

where ♦ ' . # 

‘ B ' - [£ 0 4* fl(£ 0 )£J(£D’ i (XXX) 

Although the value of £ g . is highly uncertain, for a barrierless 
process such as reaction 1, the relationship 1 < 5* - < 2 is 

usually obeyed. 3,Jf Comparison of preliminary fits of the ex- 
perimental data to eq XIX suggest that the values of £*^(7} 
calculated with 5* - 5^ set equal to 2 are more appropriate for 
modeling the falloff behavior of reaction 1 than are Fc(7") values 
calculated for lower values of 5* - 5^ (F^q^T) decreases with 
increasing 5* - 5^ and with increasing T). Hence, our falloff 
analysis assumes that 5* - * 2. 

To a good approximation, £* c c(M,7") can be calculated from 
the expression 34 

£* c c<A i.T) - 0 c (Af,r)° 14 (XXXI) 

To apply cq XXXI, we fix 0 C (N*298K) at a typical value of 0.3, 32 
employ eq XVII (with (A £) assumed temperature independent) 
to calculate and employ equation XXXII to calculate 

0 C (M,298K): 

0 C (M,298K) MM,298K)Z U (N J ,298K) 

0 c (N 2 ,298K) " *o(N 2 ,298K)Zu(M,298K) (XXXII) 

In eq XXXII, Zu(M,T) is the Lennard- Jones collision frequency 
for BrN0 2 -M encounters; it was calculated from the Lennard- 
Jones parameters in Table III by using a relationship given 
elsewhere. 32 Equation XXXII requires knowledge of *^(M,r) 
in order to compute 0 C (M,7"), which is then used to calculate 
*o(M,7"). Clearly, an iterative procedure must be employed in 
order to arrive at internally consistent values for 0 C (M,7) and 
Ao(M,7). However, because the low end of our experimental 
pressure range is very close to the low-pressure limit, nearly exact 
initial estimates of k 0 (M f 298K)/4 0 (N 2 ,298K) could be made. 

Using calculated values for F^cfT) (with 5* - 5*j set equal 
to 2), we have determined the parameters * lj0 (M,r), *i..(7)» and 
£* c c(M,D by fitting our data to eq XIX using a least-squares 
method subject to the constraints that (1) k 9 (T) must be inde- 
pendent of buffer gas identity, (2) 0 C (N^298K) - 0.3, and (3) 
eqs XVII (with (AE) assumed temperature independent), XXXI, 
and XXXII must be obeyed. Falloff parameters obtained from 
the analysis are given in Table V. Best-fit falloff curves for N 2 
buffer gas at 259 and 346 K, and for CF* N„ and He buffer gases 
at 298 K are plotted and compared with experimental rate 
coefficients in Figures 6 and 7. Because all experimental data 
were obtained in the low-pressure half of the falloff curves, i.e., 
where k 1J5 [M) < k ] m% and because the extrapolated value for k {J) 
is much less sensitive to the choice of F c than is the extrapolated 
value for the absolute accuracy of our *i. 0 (M,7') values is 
quite good — we estimate the uncertainties to be ±20%. On the 
other hand, the absolute accuracy of k l m (T) is estimated to be 
no better than a factor of 2, although the derived small positive 
activation energy for k l .(T) is probably correct oj long as reaction 
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Rprt S. FallofT curve* for M » N 2 it 259 and 546 K. Closed circle* 
arc 259 K data, and open circle* art 546 K diu Solid lines are calcu- 
lated from the parameters in Table V. Dotted line* show the low. and 
high-pressure limits. 



Fifwt 7. FallofT curve* for M ■ He, N 2 , and CF 4 at 298 K. Closed 
circle* are N 3 data, open circles are CF 4 data, and open triangles are He 
data Solid line* are calculated from the parameters in Table V. Dotted 
line* show the low- and high-preuure limits. 

proceeds predominantly on the ground electronic state surface. 
Smith has shown that recombination into even weakly bound 
excited electronic states of the adduct, particularly states with 
high electronic degeneracies, can grossly affect the shape of the 
falioff curve near the high-pressure limit. * The falloff analysis 
described above is based on the assumption that excited electronic 
states of BrN0 2 play no role in the association process. As 
discussed above, comparison of thermochemical parameters ob- 
tained from second- and third-law analyses as well as comparison 
of theoretical values for with experiment lead to the suspicion 
that excited electronic states of BrNC^ may indeed be important 
Rate coefficient measurements of k ] at high pressure iking with 
ab initio calculations that characterize all low-lying bound elec- 
tronic states of BrN0 2 are needed before the high-pressure be- 
havior of fc|(7") can be considered well characterized. 

Comparison with Previous Work. The only published study 
of Br 4- N0 2 kinetics with which to compare our results is the 
recent low-pressure study of Mellouki et al. 1 * These authors 
employed a discharge flow technique with EPR and mass spec- 
trometric diagnostics to study reaction 1 at 298 K in helium buffer 
gas at pressures of 0.6-2. 1 Torr. The bimolecular rate coeffioems 
reported by Mellouki et al. are considerably faster than predicted 
based on extrapolation of our results to lower pressure. Mellouki 
et al. corrected their rate coefficients downward to account for 
Br removal via the fast secondary reaction 

Br 4- BrN0 2 — Br 2 4- N0 2 (10) 

and to account for Br removal by reaction 1 with NC^ as the third 
body (both of these interferences were negligible under our ex- 
perimental conditions) to obtain the tcrmolecular rate coefficient 
*,^Hc,298K) - (3.7 ± 0.7) x 1( r 31 cm 4 molecule- 2 s' 1 . We find 
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TABLE V: FaDofT Parameter* 


pa ram 

M 

259 

T, K 
298 

346 

Fc 

He 


0.484 



Ar 


0.534 



h 2 


0.485 



n 2 

0.589 

0.545 

0.504 


C0 2 


0.571 



cf 4 


0.576 



SF* 


0.562 


*|V 

He 


2.75 

0 


At 


3.46 



h 2 


5.20 



N 2 

5.73 

4.61 

3.21 


co 2 


6.54 



cf 4 


5.76 



sf 4 


5.62 




2.86 

3.22 

3.73 


•Units are lO" 11 cm* molecule' 2 * Units are 1 O'" cm 3 molecule" 1 


•Units are lO" 21 cm* molecule’ 2 s' 1 . * Units are 1 O’" cm 3 molecule" 1 

TABLE VI: B— d Strength* of XNO, Species, X • F, OL Br 1 
X kcal mol" 1 ref 

F 529* 52 

Cl 35.9 29 

Br 19.6 ± 1.7 this work 

I 19.1 ± 1.0 41,44 


•Enthalpy change for the reaction X 4 NO : — XN0 2 . * Estimate; 
no experimental data available. 

that * It0 (He,298K) - (2.75 ± 0.55) x 1( T 31 cm* molecule’ 2 s' 1 . 

Comparison of kinetic data for the homologous series of X 4* 
N0 2 reactions is of limited instructional value because the F 4- 
N0 2 and Cl + N0 2 reactions are thought to proceed primarily 
via channels that lead to the XONO product,*' 5 - 1 * 22 whereas the 
Br 4- N0 2 reaction seems to form exclusively the BrN0 2 iso- 
mer, 12 " 14 no information is available concerning the isomer(s) that 
is (arc) formed from the I 4* N0 2 reaction. Reported ko(M,T) 
values for the F 4* N0 2 4 and Cl 4* N0 2 *- n reactions are faster 
by factors of 2-5 than the corresponding k [J3 (M,T) values reported 
in this study and by Mellouki et al.” The I 4* N0 2 reaction follows 
the same trend: ix. reported values of ic^MT) for I 4* N0 2 IMI " 43 
are slower than the corresponding Br 4- N0 2 rate coefficients. 
All reported studies of F 4* N0 2 and Cl 4* N0 2 kinetics except 
one relative rate study by Glavas and HeickJen* have been re- 
stricted to pressures (<200 Ton of NJ where only slight deviations 
from low-pressure limit behavior were observed. Estimates of 
*.(298K) for both F 4* N0 2 5 * J2 and Cl 4* N0 2 » J2 have been 
obtained by using very approximate extrapolation procedures; the 
resulting *.(298K) values are ~3 x 10~ n cm 3 molecule' 1 s' 1 for 
F 4* N0 2 and ~! x 10" !0 cm 3 molecule' 1 s' 1 for Cl 4* N0 2 . 
Although these values for k m can be employed to compute rate 
coefficients over the atmospheric pressure regime, their absolute 
uncertainties are huge — probably a factor of 5 or greater. The 
best known k m value in the X 4* N0 2 scries is for the I 4* N0 2 
reaction, van den Bergh and Troc have studied the NC^-caUlyzed 
recombination of iodine atoms at 320-450 K and 1-200 atm of 
helium. 41 From analysis of their data they obtained k.(298K) 
» 6.6 X 10" M cm 3 molecule' 1 s' 1 , about a factor of 2 faster than 
our extrapolated value for *,.(298K); in van den Bergh and Tree's 
experiment, the high-pressure limit was not reached even at a 
pressure of 200 atm. It is worth noting that we actually obtained 
slightly better fits to our data when F t values somewhat smaller 
than those summarized in Table V were employed; the . values 
associated with these lower F c values are higher than those sum- 
marized in Table V and in better agreement with the high-pressure 
I + N0 2 results of van den Bergh and Tree. 41 We did not employ 


(41) van den Bergh, H.; Trot, J. J. Oum Phys 1974, 64, 736. 

(42) van dev Bergh, H.; Betwu-Guyoi, N.; Trot, J. Ini. J. Chem. Kinet. 
1977, P, 223. 

(43) Buben, S. N., Larin. I. K.; Mmincra, N. A.; Trophimova, E M. Xfth 
International Conference on Cos Kinetics , Antti, Italy. 1 990. paper A-22. 
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the lower F< values in our falloff analysis because they can only 
be rationalized if 5 K - is assumed to be larger than the 
“normal" upper limit value of 2. As mentioned above, the “true" 
value for it, .(298 K) remains uncertain by at least a factor of 2. 

Heats of reaction for the X + N0 2 -* XN0 2 reactions are 
summarized in Table VI. While the X-N0 2 bond strengths 
decrease monotonically in the order F > G > Br, the BrNC^ bond 
strength determined in this study is identical within experimental 
uncertainty to the IN0 2 dissociation energy determined by Troe 
and co- workers. 41 44 It should be noted that the potential con- 
tribution of an IONO species to the iodine recombination ex- 
periments has yet to be adequately addressed. 

Sun miry 

The kinetics of the + NC^ association reaction have 

been investigated as a function of temperature (259-432 K), 
pressure (12.5-700 Torr), and bath gas identity (He, Ar, H* N* 
CO* CF 4 , SF 4 ). At temperatures below 350 K, the association 
reaction is irreversible on the (^30 ms) time scale of the ex- 
periment. The 21 rate coefficients obtained with N 2 as the buffer 
gas were fit to the expression recommended by the NASA panel 
for chemical kinetics and photochemical data evaluation for use 
in parametrizing the pressure and temperature dependences of 
association reaction rate coefficients for atmospheric modeling 
purposes;® the best-fit parameters are A ■ 4.24 X 10 -31 (7'/300) -14 
cm 4 molecule- 2 s-»(~* I<0 ) and B - 2.66 x 10‘ ,, (r/300) OJ) cm 3 
molecule" 1 s" 1 (-**,.). 

At temperatures above 350 K, reversible addition has been 
observed. Rate coefficients for BrN0 2 formation and decom- 
position have been determined over the temperature range 374-432 
K. Second- and third-law analyses of the data yields somewhat 


(44) Hippkr, H„ Luther. 1C; Teitdhium, H„ Troe, J. Int. J. Chem Kinet. 
1977. 9. 917. 

(45) Denis, F.; Caralp, F.; Mastnet, J.; Lesclsux, R. Chem Phys. Lett. 
mo. 167, 450 

(46) Hen her*. G. Molecular Spectra and Molecular Structure IH. 
Electronic Spear a and Elearonic Structure of Polyatomic Molecular, Van 
Non rand Reinhold: New York, 1966 

(47) Donovan. R. J.; Husain. D Chem Rev 1970. 70, 489 

(48) Hippier, H., Troe, J.; Wendelken, H. J. J Chem. Phys. 1*3. 78, 
6709 

(49) Mounts, F. M.; Rummens, F H. A. Can J Chem 1977, 35, 3007. 

(50) Reid. R. C.: Sherwood. T K. Properties of Gases and Liquidr, 
McGraw-Hill: New York, 1958 


different thermochemical parameters. The major uncertainty in 
the calculated third-law entropy change appears to be the elec- 
tronic entropy of BrN0 2 . Averaging the second- and third-law 
results and choosing error limits to encompass all reasonable 
possibilities, we report the following thermochcmical parameters 
for reaction 1: A H* m - -19.6 ± 1.7 kcal mol" 1 , A//* 0 - -18 6 
± 2.0 kcal mol* 1 , AS° m - -29.3 ± 4.2 cal mol* 1 K" 1 , A// f # »,- 
(BrNOj) * 17.0 ± 1.8 kcal mol" 1 (uncertainties are 2* estimates 
of absolute accuracy). 

Our experimental value for A/T’o has been employed to cal- 
culate i^ijo ♦ the low-pressure limit rate coefficient in the strong 
collision limit, using the method of Troe. 33 * 33 Calculated values 
for kijf*- are inconsistent with experimental results unless -A H* 0 
is assigned a value near the lower limit derived from the high- 
temperature data, i.e., 16.6 kcal mol -1 . Systematic errors in the 
calculations could result from the assumptions that (a) reaction 
occurs entirely on the ground electronic state potential energy 
surface and (b) formation of the BrONO isomer is unimportant; 
experimental data are available that suggest that assumption b 
is valid, 11 " 14 but no information is available to validate assumption 
a. 

The procedure developed by Troe and co- workers 33 J5 * rv " 10 has 
been employed to extrapolate experimental falloff curves to the 
low- and high-pressure limits. Derived values for k, 0 (M,298K) 
in units of 1C" 31 cm 6 molecule -2 s" 1 range from 2.75 for M * He 
to 6.54 for M ■ C0 2 . Values for * 1>0 (N 2 ,r) in units of 10 -31 cm 4 
molecule -2 s -1 are 5.73 at 259 K, 4.61 at 298 K, and 3.21 at 346 
K; the temperature dependence of it li0 ( N 2 ,7) is consistent with 
the theoretical temperature dependence for tfeic,^ 50 . Values for 
At,.( 7) in units of IQ" 11 cm 3 molecule -1 s" 1 are 2.86 at 259 K, 3.22 
at 298 K, and 3.73 at 346 K. Uncertainties in derived values for 
£ I 0 are estimated to be ±20%, whereas uncertainties in derived 
values of k l m (T) are considerably larger — a factor of 2 or more; 
however, the derived small positive activation energy for it, m {T) 
is probably correct. Experimental data up to pressures of several 
hundred atmospheres and ab initio calculations that characterize 
the low-lying bound electronic states of BrN0 2 are needed before 
the magnitude of it, . can be considered well established. 
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4 • > t 

Laser Hash photolysis of Cl 2 /O a mixtures has been employed in conjunction with Cl( 2 P J/2 ) detection by nme-resolved reso- 
nance fluorescence spectroscopy to investigate equilibration kinetics for the reactions Cl + 0: + 0 ; =C100 + 0. at te rr.pt rat u res 
of 181-200 K and 0 : pressures of 15-40 Ton The third-order rate coefficient for the association reaction at 1 86.5 r 5.5 K is 
(8 9 ±2.9 lx J0~ 33 cm 6 molecule" 2 s“' and the equilibrium constant (K p ) at 185.4 K is 18 9 atm"’ ( factor of I 7 uncertainty) 
A th*rd law analysis of our data leads to a value for the Cl-OO bond dissociation energy of 4.76 ±0.49 kcal mol" 1 . 


1. Introduction 

The existence of the CiuO radical was first pos- 
tulated b> Porter and Wnght [1] to explain CIO 
production following flash photolysis ol Cl:/0 2 


mixtures. 


Cl : t nu— 2Ci . 

(i) 

C) + 0 2 + M-C)00-rM 

(2) 

CiOO+M-Ci-rO: + M , 

(-2) 

C] + CiOO-2C!0, 

(3a) 

— Ci 2 4-0: • 

(3b) 

GO-GO-* products 

(4) 


Subsequent flash photolysis work by Bums and 
Nomsh [2] supports the above mechanism. An early 
thermochemical estimate by Benson and Buss [3] 
suggested that ClOO is a very weakly bound species 
with a bond dissociation energy, Do (Cl-OO), of 
8 ±2 kcal mol" 1 . The only kinetic information for 
reaction ( 2 ) comes from a flash photolysis study by 
Nicholas and Nomsh [4]; these investigators mea- 
sured temporal profiles for CIO appearance follow- 
ing flash photolysis of CI 2 /0 2 mixtures, and mod- 
eled their results using the mecnanism suggested by 
Porter and Wnght [ 1 J ( see above ) , to obtain the rate 
coefficient ac 2 ( 29S K) = 1.7 x 10 -33 cm 6 molecule -2 
s -1 in N ? + G 2 bath gas. 

0009-2614/91 /$ 03.50 © 1991 - Elsevier Science Publishers B.V. 


The ClOO radical was first observed directly by 
ESR spectroscopy in cryogenic matnees [5). al- 
though subsequent work [6-9] was needed to cor- 
rect the misassigned spectrum as being due to ClOO 
rather than CIO. The first infrared spectroscopic ob- 
servation of ClOO was reported by Arkell and 
Schwager [10], who found the fundamental vibra- 
tional frequencies to be 1441, 407. and 3 7 3 cm -1 . 
Arkell and Schwager produced ClOO by photolysis 
of Cl 2 /0 2 and OCIO cryogenic matrices. Direct ob- 
servation of ClOO in the gas phase was first reported 
by Johnston et al. [11 ]; these authors employed mo- 
lecular modulation spectroscopy to observe both the 
ultravidei and infrared spectra of ClOO, and to ob- 
tain kinetic information about reactions ( 3 ) and ( 4 ;. 
More recent flash photolysis [12]. moiecuiar mod- 
ulation [13], and theoretical [ 1 4— i 6 ] studies pro- 
vide adaitional information concerning ihe branch- 
ing ratio for reaction (3) as well as ClOO 
thermochemistry, structure, and excited electronic 
state energies. An evaluation of all published infor- 
mation leads to a recommended equilibrium con- 
stant for Cl + 0 2 ^CiOO of 2.3x 10 -25 exp(3000/7~) 
cm 3 molecule -1 , and a recommended third-order 
rate coefficient for reaction (2) of 2.0xl0~ JJ x 
( 77300 ) - 1,4 cm 6 molecule -2 s~‘ [17]. 

While ClOO plays an important role in laboraion 
studies of CIO* chemistry, it has not been considered 
an important species in atmospheric chemistry. 
However, interest in the potential role of GOO in 

( Nonh-Holland ) 367 
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the chemistry of the lower stratosphere has increased 
dramatically in recent years with the realization that 
increasing levels of CIO* in the atmosphere are largely 
responsible for the antarctic ozone hole [ 1 8 ]. In the 
wintertime antarctic lower stratosphere, heteroge- 
neous reactions in polar stratospheric clouds (PSCs) 
can convert the reservoir species HC1 and C10N0 2 
into the photochemically more labile species Cl 2 and 
HOC1 [19,20]. As a result, high levels of CIO arc 
produced at the expense of HC1 and C10N0 2 , and 
catalytic odd oxygen destruction cycles involving the 
CIO + CIO [21] and BrO + CIO [22] rate-limiting 
reactions become very rapid; both of these cycles in- 
volve ClOO as an intermediate. Also, it has recently 
been suggested that OCIO photo-isomerization to 
ClOO may be an important mechanism for odd ox- 
ygen destruction under antarctic springtime condi- 
tions [23], although the quantum yield for photo- 
isomerization may be too low for this process to be 
of atmospheric importance [24]. Under the low 
temperature, high pressure conditions which exist in 
the springtime antarctic lower stratosphere, the cur- 
renth recommended equilibrium constant [17] (see 
above ) suggests that equilibrium ClOO levels exceed 
levels of Cl atoms. Hence, ClOO could play an im- 
portant role in antarctic stratospheric chemistry if its 
reactions with key species occur sufficiently rapidly. 

In this study we report a senes of kinetics exper- 
iments aimed at directly measuring k 2 and fc_ 2 , and, 
therefore, the equilibrium constant ( s k 2 /k _ 2 )• Our 
results suggest that both the association and disso- 
ciation reactions are faster, and that the Cl-OO bond 
is about 1 kcal mol" 1 weaker, than previously 
thought. 


2. Experimental technique 

All expenments involved coupling laser flash pho- 
tolysis of Cl 2 /0 2 mixtures with C) atom detection by 
time-resolved resonance fluorescence spectroscopy. 
A complete description of the experimental tech- 
nique can be found elsewhere [25]. Chlorine atoms 
were monitored using the closely spaced 2 Dj / 2 . 3/2 - 
2 P 3/2 doublet at 118.9 nm; these transitions are in 
accidental coincidence with a “window” in the 0 2 
absorption spectrum. 

The gases used in this study had the following 
368 


stated minimum purities: 0 2 , 99.99%; Cl 2 , 99.99%. 
Oxygen was used as supplied while chlorine was de- 
gased at 77 K before use. 


3. Results and discussion 

In all experiments, Q( 2 Py) was produced by 355 
nm pulsed laser photolysis of Cl 2 . Both theoretical 
[26] and experimental [27] information suggests 
that photolysis of Cl 2 around 355 nm produces 
almost exclusively ground state chlorine atoms, 
Cl ( 2 P 3/ 2 ); the fraction of photolytically generated 
atoms in the 2 P 1/2 spin-orbit excited state is prob- 
ably less than the equilibrium fraction, which is only 
6 X 1 0" 4 at a typical experimental temperature of 1 90 
K. Reported rate coefficients for quenching of 
Cl( 2 P, /2 ) by 0 2 in units of 10" 13 cm 3 molecule" 1 
s" 1 are 210± 50 [28], 230± 30 [29], 1.710.4 [30], 
and 1.310.3 [31 ]. Based on observed reaction times 
(see table 1 ) it appears that Cl( 2 P, /2 ) deactivation 
was faster than chemical reaction of Cl( 2 P y ) under 
our experimental conditions, though only by factors 
of three to six if the slower literature values for the 
deactivation rate [30,31 ] are correct. The above dis- 
cussion suggests that although the fraction of Cl at- 
oms in the 2 P, /2 state could have varied somewhat 
over the experimental time scale for Cl decay, this 
fraction was so small at all reaction times that ob- 
served reactivity can be attributed entirely to 
Cl( 2 P 3/2 ). Furthermore, negligible systematic error 
is introduced by the assumption that the observed 
temporal evolution of the Cl( 2 P 3/2 ) fluorescence sig- 
nal is identical to the temporal evolution of the total 
chlorine atom population. 

When Cl 2 /0 2 mixtures are subjected to 355 nm 
laser flash photolysis and experimental conditions 
are maintained where radical-radical reactions are 
unimportant, i.e. low radical concentrations and short 
reaction times, the Cl atom temporal profile should 
be controlled by the following reactions: 

Cl + 0 2 +0 2 -ClCKD + 0 2 , (2,-2) 

Cl— loss by diffusion from the detector field 

of view and reaction with background 

impurities, (5) 
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Tabic 1 

Results of the 0 + 0 2 + 0 2 — C100 + 0 2 approach-to-equilibnum experiments 


T 

(K) 

Pen 

(Torr) 

Concentrations 
( 10" cm" 3 ) 

Q 

(*-') 

—A, 

(s- 1 ) 

_ *2 

<s-‘) 

<$-') 

K 2 

(10* ,5 cm 5 
molecule* 1 $*' ) 

*-2 

<s-') 

K, 

(atm* 1 ) 

a, 

Cl,.o 


181 

15 

91 

5.1 

11800 

118 

18800 

231 

8.62 

11600 

30.2 

182 

20 

140 

7.0 

18400 

112 

29600 

212 

10.2 

18200 

22.6 

182 

40 

240 

11 

22200 

154 

69400 

202 

22.8 

22000 

41.7 

183 

20 

330 

9.9 

18900 

183 

30300 

399 

10.2 

18500 

22.2 

183 

20 

330 

9.9 

17000 

175 

26800 

385 

9.47 

16600 

22.9 

183 

20 

330 

9.9 

18800 

295 

29800 

700 

10.7 * 

181-00 

23.7 

183 

30 

140 

6.6 

33400 

235 

58200 

‘479 

15.8 

S2900 • 

19.3 

183 

30 

1)0 

3.3 

24000 

-49 

52500 

-134 

17.4 

24200 

28.9 

183 

40 

270 

8.1 

25800 

116 

74800 

151 

23.3 

25600 

364 

183 

40 

240 

11 

24900 

138 

59300 

201 

16.7 

24700 

27.1 

183 

20 

1800 

8.3 

17100 

95 

24300 

84 

6.77 

17100 

15.7 

185 

30 

350 

9.7 

33200 

191 

54600 

361 

13.6 

32900 

16.5 

185 

30 

840 

11 

33900 

309 

52400 

721 

11.9 

33200 

14.2 

187 

30 

1500 

7.6 

30100 

151 

55100 

211 

16 3 

29900 

214 

187 

30 

450 

13 

30300 

154 

46900 

287 

10.6 

30000 

13.9 

187 

40 

290 

9.8 

41700 

171 

73500 

289 

15.5 

41400 

14.7 

189 

20 

2000 

11 

27000 

130 

34300 

239 

7.18 

26700 

10 4 

189 

30 

1900 

11 

39700 

175 

56200 

352 

10.9 

39300 

10.7 

190 

40 

1600 

9.6 

41300 

157 

72800 

230 

15.5 

41100 

14.6 

191 

20 

2300 

9.4 

45500 

151 

58100 

333 

12.6 

45100 

10.7 

191 

25 

950 

8.6 

36700 

110 

48100 

298 

9.27 

36400 

9.80 

191 

30 

1300 

11 

35600 

151 

53100 

255 

11.6 

35400 

12.6 

191 

30 

2000 

10 

43500 

117 

63400 

153 

13.0 

43300 

11.5 

192 

25 

1500 

9.5 

49300 

95 

62700 

261 

10.8 

49000 

8.45 

192 

30 

350 

9.8 

54630 

132 

74000 

279 

13.0 

54400 

9.12 

192 

30 

2100 

11 

42700 

215 

68800 

435 

16 9 

42300 

15.3 

200 

30 

1000 

4.2 

33200 

-5 

46800 

-214 

9.10 

33400 

9.99 

200 

40 

1600 

7.7 

57500 

200 

86900 

434 

15.4 

57100 

9.89 


ClOO—loss by processes that do not generate Cl . 

( 6 ) 

The rate equations for the above scheme can be 
solved analytically as long as all Cl and ClOO loss 
processes are first order 


tCl],/[Cl] 0 = {(G+*i) exp(A,i) 


-(C+A J )expa J i)}/U,-A J ), 

(7) 

where 


A,=0.5{(a 5 -46)' /2 -fl}, 

(8) 

A 2 = -0.5{(a J -4i) l/J + a} , 

(9) 

(?=A_ 2 + £ 6 , 

(10) 


fl = C+*s+* 2 [ 0 2 ] = -(;.,-A 2 ) , (11) 

b=k$Q+ k t k 2 [0 2 ]=A\A 2 . (12) 

A double-exponential decay is predicted. Good qual- 
ity experimental data can be fit to eq. (7) to obtain 
values for three parameters A ,, A 2 , and Q. Values for 
k 5 can be estimated based on measurements in N 2 
and 0 2 buffer gases at temperatures ( > 250 K ) where 
equilibrium ClOO levels are negligible and on low 
temperature measurements in N 2 buffer gas; over the 
range of temperatures (181-200 K) and 0 : pres- 
sures (15-40 Torr) investigated, estimated values 
for k 5 range from 50 to 100 s~‘. The elementary rate 
coefficients k 2 , /c_ 2 , and k* can be obtained from the 
fit parameters using the following relationships: 
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* 2 = -(/,+A 2 +A: 3 + G)/[0 2 ] , (13) 

k t = (X>X 2 -k i Q)/k 2[0 2 ] , (14) 

k-2 = Q-k t . (15) 

It should be noted that the parameter Q represents 
the sum of all first-order ClOO removal processes. 
Therefore, eqs. (10) and (15) require the assump- 
tion that the only important GOO loss process that 
regenerates Cl atoms is reaction ( - 2 ); for the chem- 
ical system of interest, this assumption should be 
valid. 

When mixtures containing 0. 1 7-4.5 mTorr G 2 and 
15-40 Torr 0 2 were subjected to 355 nm laser flash 
photolysis, the expected double-exponential decays 
were observable, but only at very low temperatures, 
i.e. 7^200 K. A typical Cl temporal profile, ob- 
served at 7"= 1 82 K and p^Pcn =20 Torr, is shown 
in fig. 1. The solid line in fig. 1 represents the best 
fit of the data to eq. (7) while the dashed line rep- 
resents the Cl temporal profile expected based on an 
evaluation of previously published results [17]; 
clearly, the approach of laser-flash generated Cl into 
equilibrium with ClOO is much faster than expected 
based on previous work while the equilibrium con- 
centration ratio [Cl] /[ClOO] is much higher than 



tin* (^ls) 

Fig. 1. Typical O temporal profile observed following 355 nm 
pulsed laser photolysis of G 2 /0 2 mixtures. The laser fired at time 
/ »0. Experimental conditions: 7"* 182 1C, p* 20 Ton, [G 2 ]« 
1.4x 10 13 molecules cm“\ [G] 0 *7x 10 H atoms cm" 3 , 10000 
laser shots averaged. The solid line is obtained from a non-linear 
least squares analysis that yields the following best fit parame- 
ters: Qm 18400 »-*, A,* - 1 12 s“\ and i 2 * -29600 s’*. The 
dashed line is calculated from the evaluated values for k 2 and Ac 
given m ref. [17]. 
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expected. These differences between observed and 
expected kinetic behavior (fig. 1) made this study 
experimentally much more difficult than we had an- 
ticipated. An experimental problem (the viscosity of 
the 50% methanol-50% ethanol cooling fluid) lim- 
ited the accessible temperature regime to T> 180 K. 
The requirement that relatively large 0 2 concentra- 
tions be employed in order to drive the equilibrium 
to significant GOO production resulted in sensitiv- 
ity problems, as did the short multichannel scaler 
dwell times which were required'to observe the very" 
rapid equilibration process. The above problems se- 
verely limited the range of temperatures and oxygen 
pressures where quantitative data could be obtained. 

Summarized in table 1 are results derived from 
analyses of 28 G atom temporal profiles obtained 
under experimental conditions where double-expo- 
nential decays were observed. The equilibrium con- 
stants, K r given in table 1 were computed from the 
relationship 

K p = K c /RT=k 2 /k_ 2 RT . (16) 

Non-linear least squares analyses were employed to 
extract values for X ,, X 2i Q , and the extrapolated sig- 
nal level at r = 0 from the experimental temporal pro- 
files. Values for k 2y k^ 2y /c*, and K p were then cal- 
culated as described above. 

Values for k 2 obtained from the 26 experiments at 
1 8 1 ^ 1 92 K are plotted as a function of 0 2 con- 

centration in fig. 2 (although k 2 is expected to in- 
crease with decreasing temperature, it should change 
very little over the relatively narrow temperature 
range 181-192 K). The spread in the data results 
from the fact that, under the conditions of our ex- 
periments, reaction (-2) typically contributed sig- 
nificantly to the rate of approach into equilibrium 
( s=/c 2 [0 2 ] +/c„ 2 ); hence, uncertainties in individual 
k 2 determinations are rather large. The solid line in 
fig. 2 is obtained from a linear least squares analysis 
of the k 2 versus [0 2 ] data. As expected for a three 
atom system like G + 0 2 , the data are well repre- 
sented by a straight line passing through the origin 
(the standard deviation of the intercept is ten times 
larger than the absolute value of the intercept), thus 
indicating that reaction (2 ) is in its low pressure ter- 
molecular limit under our experimental conditions. 
The termolecular rate coefficient, k 2 \ can be eval- 
uated in two different ways. From the slope of the 
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IOj] (10 1# mol#cul«*/cm 3 ) 


Fig 2. Plot of k 2 versus (CL) for all data obuined at tempera- 
tures between 181 and 192 K. The solid line is obuined from a 
linear least squares analysis and gives the termolecular rate coef- 
ficient k\ l] ± 2a* (8.8 ±2.5 ) x 10" 33 cm 6 molecule" 2 s” 1 . 

plot in fig. 2 we obtain k 2 l ±2<7= (8.812.5) X 10 -33 
cm 6 molecule -2 s -1 . Alternatively, by simply aver- 
aging the 26 values of k 2 /[ 0 2 ], we obtain k 2 n 
± 2o= (9.01 3.3) x 10 -33 cm 6 molecule -2 s -1 . Since 
we do not prefer one method of analysis over the 
other, and since we believe that systematic errors are 
small compared to uncertainties resulting from pre- 
cision. we report the rate coefficient 

A" 1 = (8.912.9) x 10 -33 cm 6 molecule -2 s -1 
at 186.5 1 5.5 K , 

where the uncertainty is 2a and represents absolute 
accuracy. 

A van ’t Hoff plot for the equilibrium defined by 
reactions (2) and (-2) is shown in fig. 3. Since 

\nK r = AS/R-AH/RT, (17) 

the enthalpy change associated with reaction (2) can, 
in principle, be determined from the slope of the van 
*t HofT plot while the entropy change can, in prin- 
ciple, be determined from the intercept. However, 
because our experiments were limited to a rather 
narrow temperature range, this “second law“ anal- 
ysis gives rather imprecise results. The solid line in 
fig. 3 is obtained from a linear least squares analysis 
of the In K p versus 1/7" data with all data points in- 


T(K) 



1000/KK) 

Fig. 3. Van Y Hoff plot for the equilibrium G + 0 : — GOO The 
solid line is obuined from a linear least squares analysis which 
includes all dau.it gives the result - 5.1 5 ± 1.41 kcal mol" 1 
and AS* — 2 1 .94 ±7.51 cal mol" 1 deg" 1 (errors are la). The 
dashed line is obuined from a linear least squares analysis which 
excludes the two data points at 7* 200 K; it gives the result 
ANx -7.001 1.63 kcal mol"' and AS* - 31.92 ±8.74 cal mol"' 
deg" 1 (errors are 2a). The error bar represents the estimated 2a 
uncenaintv in K, at 185.4 K.. 


eluded; it yields the results A //?*> = -5.1511.41 kcal 
mol -1 and AS?*, = -2 1.94 ±7. 51 cal mol -1 deg -1 . 
The dashed line in fig. 3 is obtained from a similar 
analysis with the two experiments at 200 K excluded 
(the equilibrium constants measured at 200 K have 
particularly large uncertainties); it yields the results 
Atf? l6 = - 7.00 ±1.63 kcal mol - ' and A S? 86 = 
— 3 1.92 ±8.74 cal mol -1 deg -1 . Errors in the above 
thermochemical parameters are 2cx and represent 
precision only. 

A potentially more accurate approach for obtain- 
ing C1CX) thermochemical parameters is the “third 
law“ method, where the measured equilibrium con- 
stant at a particular temperature is employed in con- 
junction with a calculated entropy change to deter- 
mine AH. At 1 85.4 1C, the temperature where the solid 
and dashed lines in fig. 3 cross, our experiments in- 
dicate that A,= 1 8.9 atm - *; the estimated 2 a uncer- 
tainty in K p (185.4 K) is a factor of 1.7 (see error 
bar in fig. 3). While high resolution spectroscopic 
data for GOO are not available, reasonable struc- 
tural parameters can be deduced from the estimates 
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of Arkell and Schwager [10] and from the SCF-MO 
calculations of Hinchliffe [15]. We assume a G-0 
bond length of 1.835 A, an 0-0 bond length of 1.31 
A. and a Cl-O-O bond angle of 1 12.5°. The vibra- 
tional frequencies for GOO, 373, 407, and 1441 
cm -1 , are taken from infrared measurements in 
cryogenic matrices [10]; only the high frequency vi- 
bration, which does not contribute to the entropy at 
T< 300 1C has been observed in the gas phase [11]. 
Ab initio calculations suggest that GOO has a dou- 
blet ground state with no excited doublet or quartet 
states low enough in energy to contribute to the GOO 
entropy at 7"<300 K [16]. Using the above infor- 
mation, we calculate 5? 85 4 (GOO) = 59.521 1.09 cal 
mol” 1 deg” 1 and A S? 854 (reaction (2)) = -23.18 
±1.09 cal mol” 1 deg” 1 . The uncertainty in 
5° (GOO) is 2 a and is based on the following esti- 
mated uncertainties in the GOO structural param- 
eters and low frequency vibrations: 0-0 bond length, 
±0.12 A; G-0 bond length, ±0.05 A; bond angle, 
± 5 C : each of the two low frequency vibrations, ± 100 
cm' 1 . It is worth noting that the value we calculate 
for S 298 (GOO). 64.50 cal mol ”' deg"', is 1.50 cal 
mol” 1 deg” 1 larger than the value reported by John- 
ston et al. [ 1 1 ]. If we use the same GOO bond angle 
and bond lengths in our calculation as Johnston et 
al. used in their calculation (those suggested by Ar- 
kell and Schwager [10]), the two results differ by 
almost exactly R In 2, i.e. the electronic contribution 
to the GOO entropy. 

Using our experimental value for K p at 185.4 K 
and our calculated value for A5? 85 4 , we compute 
from eq. (17) the enthalpy change AH° liy4 (reac- 
tion (2) ) = -5.38 ±0.41 kcal mol” 1 . Making the 
appropriate heat capacity corrections, one obtains 
the results A// 298 (reaction (2) ) = -5. 56 ±0.47 kcal 
mol “ 1 and -A Hq (reaction (2)) = 4.76±0.49 kcal 
mol” 1 (sthe G-OO bond dissociation energy). In 
conjunction with known heats of formation for Q 
and 0 2 [32], our value for A H 29t (reaction (2)) 
leads to a value of 23.4 ± 0.5 kcal mol ~ 1 for the GOO 
heat of formation at 298 K; previous work has lead 
to a recommended GOO heat of formation of 
22.5 ± 1 kcal mol” 1 [17]. 

Literature data with which we can compare our 
results are sparse. The only published measurement 
of k 2 was reported over twenty years ago by Nicholas 
and Norrish [4]. Their experiment involved flash 
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photolysis of G 2 /0 2 /N 2 mixtures. Complex analysis 
of the time-resolved production of GO, measured by 
photographic recording of absorption in the UV 
region, was employed to extract a value for k 2 . 
Nicholas and Norrish reported = (1.7±0.3)X 
10” 33 cm 6 molecule” 2 s” 1 at 298 Kin N 2 + 0 2 buffer 
gas, a factor of 5.2 slower than the value for k\ ]] de- 
termined in this study at 186.5 ±5.5 K in 0 2 buffer 
gas. If both determinations of k 2 l are correct, and if 
N 2 and 0 2 are assumed to be equally efficient at sta- 
bilizing the GOO adduct, then the activation energy 
for reaction (2) is -1.6 kcal mol” 1 , i.e. somewhaj 
smaller than one would “guesstimate” [4 7] but 
within the range of reasonable values. There are no 
quantitative kinetic data for reaction (-2) in the 
literature, though values for /c" 2 have been esti- 
mated by several groups [11-13] using measured 
equilibrium constants in conjunction with the value 
for k 2 u reported by Nicholas and Norrish [4]; these 
estimates range from (2.55-4.67 )x 10” 13 cm 3 mol- 
ecule” 1 s” 1 at 298 K. Our data give /c!I : = 1.8 X 10 “ ,4 
cm 3 molecule” 1 s” 1 at 1 85 K. Assuming that the ac- 
tivation energy for reaction ( 2 ) is - 1 ± 1 kcal mol ” 1 
and using our measured enthalpy of reaction of 
-5.47 ±0.44 kcal mol” 1 (averaged over the range 
180-300 K), we estimate the activation energy for 
reaction (-2) to be 6.5 ± 1.4 kcal mol” 1 . This leads 
to a best estimate for /c!l 2 (298 K) of 1.4xl0” n cm 3 
molecule” 1 s” ', i.e. 30-55 times faster than previous 
estimates [11-13]. In a recent study of ClOOG 
photochemistry, Molina et al. also report evidence 
that GOO decomposition is faster than previously 
thought [33]. 

Published values for K p ( 298 K ) are based on anal- 
yses of GOO and GO temporal behavior in molec- 
ular modulation [11,13] and flash photolysis [12] 
studies. In all cases, complex kinetic behavior had to 
be modeled to extract rate parameters and equilib- 
rium constants. Radical-radical processes such as re- 
actions (3) and (4) were important in these studies 
[11-13] and greatly complicated the kinetic anal- 
yses. Reported values for K p ( 298 K) range from 
0.090 to 0.165 atm” 1 . Using the thermochemical pa- 
rameters determined in this study in conjunction with 
eq. (17), we calculate A„(298 K) -0.071 atm”', 
somewhat lower than the literature values [11-13]. 

After our preliminary results were reported [34], 
two other groups undertook investigations of the G, 
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0 2 , ClOO equilibrium [35,36]. Both groups em- 
ployed time-resolved UV absorption to monitor 
ClOO following flash photolytic generation of Cl in 
the presence of 0 2 . Neither study obtained kinetic 
data for reactions ( 2 ) and ( - 2 ) . However, because 
0 2 concentrations up to 1 atm [35] or 100 atm [36] 
could be employed, equilibrium constants could be 
determined at temperatures up to 250 K. in one study 
[35] and up to 300 K in the other study [36]. Re- 
ported enthalpy changes for reaction (2) are -5.1 
kcal mol” 1 at 215 K. [35] and -5.53 kcal mol*" 1 at 
240 K [36], i.e. in excellent agreement with the en- 
thalpy change reported in this study. All three recent 
determinations suggest that the ClOO bond strength 
is weaker by 1.0- 1.3 kcal mol -1 than previously 
thought [17]. 
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Kinetics and Mechanism of the Reaction of Hydroxyl Radicals with Acetonitrile under 
Atmospheric Conditions 


A J. Hynes* and P. H Wine 

Physical Sciences Laboratory, Georgia Tech Research Institute . Georgia Institute of Technology, Atlanta, 
Georgia 30332 ( Received : March 16, 1990; In Final Form August 21. 1990) 


The pulsed laser photolysis-pulsed laser induced fluorescence technique has been employed to determine absolute rate coefTidents 
for the reaction OH + CH 3 CN (1) and its isotopic variants, OH + CD 3 CN (2). OD + CH 3 CN (3). and OD + CD 3 CN 
(4). Reactions 1 and 2 were studied as a function of pressure and temperature in N 2 . N 2 /0 2 , and He buffer gases. In the 
absence of 0 2 all four reactions displayed well-behaved kinetics wi^h exponential OH decays and pseudo- first -order rate 
constants which were proportional to substrate concentration. Data obtained in N 2 over the range 50-700 Torr at 298 K 
are consistent with A, showing a small pressure dependence. The Arrhenius expression obtained by averaging data at all 
pressures is k,(T) * (l.l^j) * •O' 12 exp[(-l 130 ± 90)/ 71 cm 3 molecule' 1 s' 1 . The kinetics of reaction 2 are found to be 
pressure dependent with k 2 (298 K) increasing from (1.21 ±0.12) x 10' 14 to (2.16 ± 0.1 1 ) X ICT 14 cm 3 molecule" 1 s' 1 over 
the pressure range 50-700 Torr of N 2 at 298 K. Data at pressures >600 Toit give A 2 (T) * (9 4^'J 4 ) X 1C 13 exp[(-l 180 
± 250)/ 71 cm 3 molecule' 1 s' 1 . The rates of reactions 3 and 4 are found to be independent of pressure over the range 50-700 
Torr of N 2 with 298 K rate coefficients given by k } * (3.18 ± 0.40) X I0" 14 cm 3 molecule' 1 s* 1 and k 4 * (2.25 ± 0.28) X 
1 0" 14 cm 3 molecule' 1 s' 1 . In the presence of 0 2 each reaction shows complex (non-pseudo-first-order) kinetic behavior and/or 
an apparent decrease in the observed rate constant with increasing [0 2 ] , indicating the presence of significant OH or OD 
regeneration. Observation of regeneration of OH in (2) and OD in (3) is indicative of a reaction channel which proceeds 
via addition followed by reaction of the adduct, or one of its decomposition products, with 0 2 . The observed OH and OD 
decay profiles have been modeled by using a simple mechanistic scheme to extract kinetic information about the adduct reactions 
with 0 2 and branching ratios for OH regeneration. A plausible mechanism for OH regeneration in (2) involves OH addition 
to the nitrogen atom followed by 0 2 addition to the cyano carbon atom, isomerization, and decomposition to D 2 CO 4* DOCN 
+ OH. Our results suggest that the OH 4- CH 3 CN reaction occurs via a complex mechanism involving both bimolecular 
and termolecular pathways, analogous to the mechanisms for the important atmospheric reactions of OH with CO and HNOj. 


Introduction 

It is now generally accepted that acetonitrile (CH^CN) is 
present at ppt levels in the stratosphere. 1 Attempts to understand 
the role of acetonitrile in stratospheric positive ion chemistry 2 and 
its contribution to the stratospheric NO t budget 3 require a detailed 
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understanding of its atmospheric sources, emission rates, and 
oxidation mechanism. Acetonitrile was first proposed as a com- 


(1) Schlager. H.; Arnold, F. Planet Space Sci 1984. 34. 245. 

(2) Arijs, E., Nevtjan*. D.; Ingels. Int. J Mass Spectrom Ion Processes 
1987 , 81. 15. 

(3) m Atmusphehe Ozone 1985 * WMO-Rcport No. 16, Vol. I, World 
Meteorological Organization. Geneva. 1985. 

C 1991 American Chemical Society 


166 


The Journal of Physical Chemistry, Vol. 95, A 'o. 3. 1991 1233 


Reaction of Hydroxyl Radicals with Acetonitrile 

ponent of stratospheric positive cluster ions by Arnold et al., 4 who 
used a rocket-borne ion mass spectrometer to identify cluster ions 
of the type H*X/(H : 0)„, where X * mass 41, / * 1. 2, and n * 
0, 1.2, 3. These ions have been termed non-proton hydrates 
(NPH)' to distinguish them from proton hydrates (PH) of the 
form H*(H 2 0)* which had been predicted to be present in the 
stratosphere'' and were also observed experimentally. Subsequent 
experiments using balloon-borne mass spectrometers 7 determined 
ion concentration profiles in the 25-40-km region and, although 
the identification of X as CH,CN remained circumstantial, were 
used to infer stratospheric mixing ratios for neutral CH 3 CN 7 and 
even for the OH radical. 7 The first definitive identification of 
X as CH 3 CN came from Held and laboratory measurements of 
Schlager and Arnold, 1 who used electric-field-induced collisional 
activation to fragment the NPH clusters and produce mass 15, 
identified as CH 3 *, as a product. The totally unexpected ob- 
servation of NPH and inferred free CH 3 CN mixing ratios in the 
ppt range has led to a number of efforts to identify the source 
of the CH 3 CN and model its atmospheric profiles.* While it now 
appears that the only significant sources of CH 3 CN involve 
emission al the Earths surface," modeling efforts have been 
hampered by the paucity of data on emission rates, tropospheric 
concentration profiles, and atmospheric degradation processes. 
Three major deficiencies identified by Arijs et al. 2 in a recent 
review of stratospheric positive ion measurements and acetonitrile 
detection are (a) accurate measurements of rate constants for the 
atmospheric reactions of CH X CN, in particular with OH, (b) a 
detailed study of the emission sources of CH,CN, and (c) a better 
knowledge of atmospheric eddy diffusion processes. 

This work addresses the first of the above-mentioned data 
requirements, the rate and mechanism of reaction 1 under at- 
mospheric conditions. Six previous studies of reaction I have 

OH + CH,CN - products (I) 

employed the flash photolysis-resonance fluorescence*" 13 and 
discharge flow-EPR 14 techniques. While the most recent studies 
are in reasonable agreement on the 298 K rate constant at 
pressures in excess of 50 Torr Ar, 10 " 13 there are considerable 
discrepancies in observed temperature and pressure dependencies. 
There has been no investigation of the effects of isotopic sub- 
stitution on reaction I . Furthermore, since all studies of reaction 
I have been performed in either Ar or He buffer gases, the effects 
of N 2 and 0 2 on the rate constant and hence the effective value 
for the rate constant under atmospheric conditions have not been 
delineated. 

In this work we have employed a pulsed laser photolysis-pulsed 
laser induced fluorescence (PLP-PLIF) technique to study reaction 
I as a function of pressure and temperature in N 2 . N,/0 : . and 
He buffer gases. Studies of the isotopic variants, reactions 2, 3. 
and 4. have been performed in an attempt to shed light on the 
detailed reaction mechanism. Our results arc inconsistent with 


OH 4* CD,CN — products 

(2) 

OD + CH 3 CN -♦ products 

(3) 

OD 4* CD 3 CN — products 

(4) 
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Figure 1 Experimental and simulated laser excitation spectrum of the 
OD A J 2*-X 2 n(l-0) transition. 

the view that reaction 1 is pressure independent and proceeds 
exclusively via a direct hydrogen abstraction mechanism. 

Experimental Section 

The PLP-PLIF apparatus has been described in detail else- 
where. 15 Modifications and a brief review of its operation are 
given below. Three different reaction cells were used, with most 
of the experiments being performed in a Pyrex cell which had an 
internal diameter of 4 cm and a length of 50 cm. Two side arms, 

4 cm i.d. and 14 cm long, which terminated in Brewster angle 
windows were attached to the center of the cell. The photolysis 
laser passed through these side arms across the direction of gas 
flow while the probe laser passed along the length of the cell. 
Fluorescence was detected through a third side arm, 4 cm i.d. and 

5 cm long, perpendicular to the photolysis and probe beams. The 
central 25 cm length of the cell was jacketed to permit the flow 
of heating or cooling fluid from a thermostated bath Detailed 
descriptions of the other two reaction cells, which were constructed 
of Pyrex and brass, are given elsewhere. 15 A copper-consiantan 
thermocouple with a stainless steel jacket was inserted into the 
reaction zone through a vacuum seal, allowing measurement of 
the gas temperature under the precise pressure and flow conditions 
of ihc experiment. 

OH and OD were produced by the pulsed laser photolysis of 
H 2 0 2 , HN0 3 , or DN0 3 using the 193-nm (ArF) and 248-nm 
(KrF) outputs from an excimer laser or the 266-nm fourth har- 
monic output from a Nd:YAG laser. Pulsed laser induced 
fluorescence using a Nd:YAG laser pumped, frequency-doubled 
dye laser was used for OH(D) detection. Excitation was via the 
Q, 1 line of the A 2 S*-X 2 n( 1-0) transition at =*282 nm for OH 
and =*287 nm for OD. All kinetic studies were performed with 
a line-narrowing cialon in the dye laser cavity giving an estimated 
line width of 0.1 cm' 1 at 280 nm. The laser could be reproducibly 
scanned on and off the OH(D) line by pressure tuning using N 2 
gas. Fluorescence in the 0-0 and 1-0 bands was detected by an 
EMI 98I3QB photomultiplier after passing through collection 
optics and filters to discriminate against Rayleigh scattering and 
Raman scattering from N : and/or 0 : . The photomultiplier output 


(15) Hynes, A. J.: Wine. P H iSemmex. D H J Phvs. Chem 1984.90. 
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(16) Hynes. A J.; Wine. P H.; Ravishankan. A R. J. Geophvs Res. 
1986. 91. 11815. 
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was appropriately terminated and fed to a 100- MHz waveform 
analyser to obtain the peak voltage averaged for (typically) 100 
laser shots. To ensure that we were, in fact, producing and 
monitoring OD, a laser excitation spectrum of the A-X(l-O) band 
was obtained by scanning the unnarrowed dye laser. In this case 
the photomultiplier output was processed by a boxcar averager 
and the output digitized and stored in a small computer. The 
excitation spectrum was assigned by comparison with a simulated 
spectrum of the six main branches calculated from the term 
energies of Clync cl al. 17 Intensities were calculated for a 300 
K Boltzman population distribution by using the formula of Earls 11 
and convolving over the laser bandwidth. The experimental and 
simulated spectra, shown in Figure 1, are in good agreement and 
confirm that wc were producing and monitoring OD. 

Kinetic information was obtained by varying the delay between 
the photolysis and probe lasers using a digital delay generator. 
Signal was collected for 15-20 delays, varying from 0 to 20 ms, 
in order to map out an OH(D) decay profile over three I /e times. 

In order to avoid the accumulation of photolysis or reaction 
products all experiments were carried out under “slow flow* 
conditions with the linear flow rate through the reactor varied 
between 1 and 5 cm s' 1 . In a typical experiment the flows were 
set in the absence of CH,CN to give the desired pressure. A 
CH*CN/N : mixture was then added incrementally to the flow 
and a range of pseudo-first-order rate constants measured. The 
throttle valves in the flow system were not adjusted to keep the 
pressure constant during this process and hence there was some 
variation in total pressure over the course of an experiment. Bulbs 
containing = 5% acetonitrile in N : were prepared manometrically 
and the concentration of acetonitrile in the reaction mixture was 
calculated from flow rates and reactor total pressure. The flow 
rates and total pressure were measured by using calibrated mass 
flow meters and a capacitance manometer. The response of the 
mass flow meter which measured the mixture containing CH,CN 
was corrected for its presence by calibrating with CH 3 CN/N 2 
and CHjCN/Hc mixtures. For a 5 % CH 3 CN/N 2 mixture the 
correction was 7%, and for the 6% CH 3 CN/He mixture used in 
the two sets of He buffer experiments the correction was 17%. 
These corrections were somewhat larger than the 5% and 12% 
corrections calculated by using a formula supplied by the man- 
ufacturer. 19 

In order to assess the possibility of complications arising from 
isotopic exchange between H : 0 : and CD^CN the infrared spectra 
of CH,CN. CDiCN. and CD*CN/H : 0 : mixtures were measured 
For the CD,CN/H : 0 : mixtures, no evidence for isotopic exchange 
was observed on a time scale of 15 min. 

Chemicals. The pure gases used in this study had the following 
stated minimum purities: N : . 99.999%; 0 2 , 99.99%. Air was zero 
grade. <1 ppm total hydrocarbons. H 2 0 2 (90%) was obtained 
from FMC Corp.; it was further concentrated and purified by 
bubbling buffer gas through the sample for several days before 
use in experiments. HN0 3 (70% in H : 0) was used in a 50/50 
mixture with H : S0 4 (95%); both were Fisher AR grade. DN0 3 
(99 atom % D. 70% solution in D 2 0) and DjS 0 4 (99 atom % D) 
were obtained from ICN Biomedicals. CH 3 CN, UV grade (>- 
99.9%) was obtained from Burdick & Jackson. CD 3 CN (>99.9% 
chemical purity and 99 atom %< D) was obtained from Aldrich. 
Acetonitrile samples were degassed and purified by trap to trap 
distillation before use. 

Results and Discussion 

Experiments in the Absence of Oxygen. All experiments were 
performed under pseudo- first-order conditions with [CH^CN] » 
|OH). Typical initial OH concentrations were I X )0 M to 3 X 
I0 12 molecules cm* 3 while CH,CN concentrations were in the 
range 1 x JO 15 to 3 x I0 17 molecules cm” 3 . Under these conditions 


(17) Clync. M. A. A.; Coxon, J. A.; Woon Fit, A. R. J Mol. Spectrosc 
1973. 46, 146. 

(18) Earls. L. T. Rhys. Rev If 35, 48, 423. 

(19) MKS Instruments. Inc.. Burlington. MA. 
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Figure 2. Typical OH temporal profile* for reaction I. Experimental 
condition*: 298 K, 587-623 Torr of N 2 . [OH ] 0 * 2 x I0 ’ 2 molecules 
cm’V CH 3 CN concentrations in units of 10'* molocules cgT J were (a) 
0. (b) 1 .39. (c)'4.03. (d) 9.39. Solid lines arc obtained from linear 
least-square* analyses and give the pseudo- first -order rate constants (a) 
64 ± 5 s’ 1 , (b) 478 ± 39 s' 1 , (c) 916 ± 76 s*\ (d) 2386 ± 173 s ’ 1 (errors 
arc 2a). The plots have been displaced vertically for clarity. 

wc expect the temporal profile of OH to be governed by the 
following reactions (for H : 0 : precursor): 

H 2 0 2 + Ay 20H (5) 

OH + CH 3 CN — products (1) 

OH — loss by diffusion, reaction with H 2 0 2 , 

and reaction with background impurities (6) 

Since [CH 3 CN] » [OHJq, observed OH decays were expected 
to follow simple first-order kinetics: 

in ([OH] 0 /[OH],) « (*,[CH 3 CN] + * d )t * k't (I) 

The bimolecular rate constant, k h is determined from the slope 
of a A'v s [CH 3 CN] plot. Observation of OH temporal profiles 
which are exponential, a linear dependence of A 'on [CH 3 CN] 
and invariance of A 'to variations in laser photolysis energy would 
serve to confirm the above mechanism. Factor of 5 variations 
in laser photolysis energy were carried out under a variety of 
experimental conditions and found to have no effect on observed 
kinetics; these observations confirmed that radical-radical side 
reactions had a negligible effect on OH kinetics. 

OH decay profiles obtained at different CH 3 CN concentrations 
in 600 ± 20 Torr of N 2 are shown in Figure 2. Some scatter and 
curvature is evident in this data which results from instabilities 
in the photolysis or probe laser. This scatter, which was partic- 
ularly prevelcm for high-pressure data where the signal to noise 
ratio was low, is reflected in the rather low precision of some of 
the rate constants obtained, particularly for A,. However, there 
were no systematic deviations from exponential behavior for any 
OH and OD decays in the absence of oxygen. Figure 6d, for 
example, shows an OH decay in 450 Torr of N 2 ; this decay, which 
was measured on a day the system was particularly stable, shows 
excellent linearity for greater than 4 \/e times. 

All decays were analyzed for at least three \/e times; typical 
2 a errors in measured decay rates were <10% although at high 
pressures 2a errors as large as 1 5% were obtained. Figure 3 shows 
plots of A 'vs acetonitrile concentration observed in studies em- 
ploying N 2 buffer gas at high pressure. The results of all studies 
in the absence of 0 2 are summarized in Tables I— III; quoted errors 
in tables are 2a and represent precision only. A plot of the 298 
K rate constants for reactions I and 2 as a function of pressure 
is shown in Figure 4. To avoid congestion on the plot, the data 
arc shown with la error bars. The data for k 2 show a dear 
pressure dependence, increasing by almost a factor of 2 over the 
pressure range 40-700 Torr. The pressure dependence is con- 
firmed by the results al higher temperature which show a trend 
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TABLE I: S»mmar> of Kinetic DaU for OH + CH 3 CN 


r. k 

photolysis 
wavelength/ nm 

press./ Torr 

k: to-' 4 cm’ 
molecule"' s' 1 

388 

266 

40-50 

5 94 ± 0.20 

377 

266 

600-680 

6.11 ± 0 69 

370.5 

266 

550-650 

5.71 ± 0.52 

366.5 

266 

45-55 

5.07 ±0.19 

352.5 

266 

46-60 

4.71 ± 0.24 

345.5 

248 

120-150 

5 40 ± 0.7 

338.5 

266 

50-60 

3.61 ± 0 91 

336 

266 

580-660 

3.68 ± 0.50 

318 

248 

660-700 

3.15 ± 0.13 

318 

248 

112-142 

3.30 ± 0.55 

298 

266 

600-700 

2.81 ± 0.28 

298 

,9 3 <n 

587-623 

2.43 ± 0.22 

298 

248 

580-630 <2) 

2.15 ± 0.35 

298 

248 

520-570 

2.56 ± 0.22 

298 

248 

246-294 

2.64 ± 0.22 

298 

248 

149-171 

2.47 ± 0.23 

298 

266 

130-160 

2.41 ± 0.58 

298 

248 

78-98 

2.37 ± 0.12 

298 

266 

46-60 

2.17 ± 0.22 

298 

248 

30-40* 2> 

2.22 ± 0.12 

278 

248 

180-235 

2.30 ±0.13 

274.5 

248 

600-700 

1.88 ± 0.24 

274.5 

248 

100-120 

1.84 ± 0.18 

273 

248 

625-721 

1.99 ± 0.13 

256.5 

248 

550-600 

1.46 ± 0 09 

256.5 

248 

100-130 

1.38 ± 0.08 


•Phololytic precursor was H 2 0 2 except for (1) when HN0 3 was 
used. h Buffer ga> wj* N 2 except for (2) He. f Errors arc 2n 


TABLE ll*. Summin of Kinetic D«t* for OH + CDjCN 

photolysis k: I O' 14 cm 1 

T. K wavelength.* nm press./ Torr molecule’ 1 s" 1 


379 

266 

50-66 

2.88 ± 0.16 

358.5 

266 

600-680 

3.64 ± 0.51 

345.5 

248 

130-170 

2 18 ± 0.11 

340 

266 

43-55 

1.82 ± 0 29 

335 

266 

580-676 

2.59 ± 0.23 

298 

248 

666-692 

2.16 ± 0.11 

298 

248 

330-360 

1.90 ± 0 09 

298 

248 

154-183 

1.51 ± 0.14 

298 

|93 m 

137-154 

1.51 ± 0.22 

298 

248 

40-70 

1 43 ± 0.07 

298 

266 

40-55 

1.21 ± 0.12 

276 

248 

40-60 

1 11 ± 0.07 

275 

248 

600-700 

1.26 ± 0.13 

275 

248 

100-120 

1.46 ± 0.13 

257 

248 

40-60 

0.95 ± 0.06 

256 

248 

550-600 

0.941 ± 0 041 

256 

248 

50-60 

0.865 ± 0 094 

•Phololytic predur^or was 
used A Buffer gas was N,. r 

H 2 0 2 except for (1) when HNOj 
Errors are 2<r. 


TABLE III: Summary of Kinetic Data for Reactions 3 and 4 

photolysis Jr/ 10“ 14 cm 5 

wavelength/ nm press./ Torr molecule’ 1 s* 1 


OD 4* CH,CN 


266 

490-550 

3.17 ± 0 44 

193 

200-250 

3.10 ± 0.52 

248 

47-55 

3.00 ± 0.19 

248 

45-55 

3.46 ± 0.44 


OD ♦ CDjCN 


266 

500-560 

2.32 ± 0.63 

266 

500-550 

2.34 ± 0.41 

266 

59-69 

2.04 ± 0.26 

266 

46-50 

2.31 ± 0.06 



[CHjCN] dO*mol*culta cm*) 

Figure 3. Typical Jr' vs reactant concentration plots Experimental 
conditions. 298 K. N, buffer, (a) OD + CD,CN. 500-550 ToH. (b) OH 
4- CHjCN. 587-623. Ton- (c) OH 4 CDjCN. 666-692 Ton- Solid lines 
were obtained from linear least-squares analyses and give the following 
bimolccular rate constants in units of I0"' 4 cm 3 molecule' 1 s' 1 : (a) 2.34 
± 0.41, (b) 2.43 ± 0.22, (c) 2.16 ± 0.1 1 (errors are 2 a and represent 
precision only). The plots have been displaced vertically for clarity. 



P (Torr) 


Figure 4 Pressure dependence of reactions I and 2 at 298 K (#) OH 
4 CH,CN. N, buffer; (O) OH 4 CH,CN. He buffer; (■) OH 4 CD } - 
CN. N 2 buffer. 


consistent with A, showing a small pressure dependence However, 
the data would also be consistent with a pressure-independent Ac , 
value of (2.48 ± 0.38) x 10 14 cm 1 molecule*’ s’ 1 . The data in 
He, which consist of one high- and one low-pressure scries of 
experiments, are pressure independent over the range 30-600 Torr. 
For reactions 3 and 4, within the precision of the limited data set 
which encompasses two high- and two low-pressure rate constants 
for each reaction, the data suggests that k y and k 4 are independent 
of pressure over the range 50-700 Torr. The temperature de- 
pendence of A, is plotted in Arrhenius form in Figure 5 along with 
the temperature dependence of k 2 at high pressure (i.e., P > 600 
Torr). For reaction I all data were weighted equally in the 
calculation of the expression 

MD - 

(I.W) x I0"' 2 exp[(-l 1 30 ± 90)/ 7] cm' molecule"' s’ 1 


* Phololytic precursor was DNOj. * Buffer gas was N 2 . r Errors arc 
la. 

of increasing pressure dependence with increasing temperature. 
The situation for reaction I is rather less dear because the precision 
of the data is not as good as for reaction 2. The data for N 2 is 


For reaction 2 the data at T > 298 K confirm the observed 
pressure dependence at 298 K; these data suggest that the high- 
pressure limit is approached at progressively lower pressures as 
the temperature decreases. The observed pressure dependences 
suggest that, over the temperature range of our experiments, k 2 
is close to its high-pressure limit at nitrogen pressures of 600 Torr 
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Figure 5 Arrhenius plots. (-0-) OH + CH 3 CN; (•-#--) OH ♦ CD 3 - 
CN. P > 600 Torr. Solid and dashed lines arc obtained from least- 
squares analyses. A factors are in units of cm 3 molecule -1 s -1 . 


TABLE IV: Summary of Arrhenius Parameters and 298 k Rate 
Constants for Reactions 1-4* 


reaction 

A" E/K. K 

A (298 K Y 

Oil + CILCN 
Oil + CD,CN 
OD ♦ CH'CN 
OD ♦ CDjCN 

ui; no* ± tig 

0 96-„’. J 1175 ±243 

2.48 ± 0.38 
2.16 ± 0.1 \ 4 
3.18 ± 0 40 
2.25 ± 0.28 

•Errors are 2<r. 
10 14 cm 3 molecule' 

*Lnit» arc 10 cm’ molecule" 
1 s' 1 . * Al «680 Torr 

1 s -1 . 'Units are 

TABLE V: On-Line and OfT-Line Signals Observed during OH 
Regenera lion* 


signal + background. mV 

background. mV 

on OH line 
off Oil line 

2372 ± 490 
903 ± 78 

917 ± 43 

918 ± 45 


•The voltages arc the means ± \o of 5 X 100 shot averages 


or greater. The data for P > 600 Torr give the Arrhenius ex- 
pression 

k : (T) = 

(9.4?5*J- 4 ) x 10" 13 exp[(-l 180 ± 250)/ T) cm 3 molecule* 1 s* 1 

Measured 298 K rate constants are summarized in Table IV 
together with the Arrhenius expressions for reactions I and 2. The 
mechanistic implications of these results are discussed below. 

Experiments in the Presence of Oxygen. Although determi- 
nation of the effective rate constant for reaction I in air was a 
central objective of the present work, initial experiments gave 
indications of severe complications from secondary chemistry when 
oxygen was present in the reaction mixture. This took the form 
of nonexponential decays with the apparent regeneration of OH 
radicals. A set of typical OH temporal profiles, with [CH 3 CNJ 
constant and varying amounts of 0 : present, is shown in Figure 
6. To ensure that the deviations from exponential behavior were 
due to OH regeneration and not to the detection of a second 
species, the dye laser was pressure scanned off the OH line and 
the signal monitored. Table V shows the results of such an 
experiment for curve b of Figure 6 obtained by scanning «*0.1 
nm off line at a delay of 1.5 ms; the reported voltages are the 
means ±1? of five 100 shot averages. This and a number of 
similar experiments clearly demonstrated that OH regeneration 
was occurring and suggested that a product of reaction I was 
reacting with 0 : to regenerate OH. Two possible routes to OH 
regeneration could involve the reaction of 0 2 with the methylcyano 
radical, CH ? CN. or its decomposition products, or with an OH 
adduct or its decomposition products. 

CH 3 CN + OH CH : CN + H 2 0 (la) 

CHjCN + OH ♦ M — CH,CN(OH) + M (lb) 



0 2 4 


Umt (ms) 

Figure 6 OH temporal profiles for reaction I in N 2 and N 2 /0 2 mixtures. 
Experimental conditions: 298 Kt 450 Torr total pressures [CHjCN] • 
1.5 x I0 n molecules cm :j , (OHJ 0 = 5 X 10" molecules cm -3 , buffer g as: 
(a) 50/50 N 2 /0 2 , (b) air, (c) 2 % 0 2 in N,. (d) N } . Solid lines are 
obtained from the simulations described in the text. The plots have been 
displaced vertically for clarity. 



time (m») 

Figure 7. OH(D) temporal profiles in N 2 /0 : mixtures, (a) OD + 
CD 3 CN. 298 K. 50 Torr total pressure. 50/50 N 2 /0 2 ; (b) OH ♦ CD 3 - 
CN, 256 K. 1 10 Torr total pressure, air; (c) OD ♦ CH 3 CN, 298 K, 270 
Torr total pressure. 50/50 N 2 /0 2 . Solid lines are obtained from the 
simulations described in the text. Dashed lines represent behavior ob- 
served in N 2 . The plots have been displaced vertically for clarity. 

In order to ittempt to distinguish between regeneration from the 
products of (la) or (lb), wc examined reaction 2 in the presence 
of 0 2 . Trace b in Figure 7 shows an OH temporal profile for 
reaction 2 in 100 Torr of air at 256 K together with the temporal 
profile which would be expected from the rate constant measured 
in N 2 . Again the deviation from exponential behavior and the 
presence of OH regeneration is dear. Similar results were obtained 
in a number of experiments at 300 K. In this case the inter- 
pretation of the data is relatively unambiguous since any CD 2 CN 
formed in reaction 2 cannot react with 0 2 to regenerate OH. 
Either massive isotope exchange between CD 3 CN and H 2 0 2 must 
have taken place or OH regeneration must have occurred via a 
process which involves an OH adduct. The former explanation 
can be rejected on two counts. First, as noted above, IR spectra 
of mixtures of CD 3 CN and H 2 0 2 showed no indications of isotopic 
exchange taking place. Second, since the concentrations of 
CDjCN and H 2 0 2 were 7.1 and 0.003 x 10 lf molecules cm" 3 , 
respectively, significant isotopic exchange would have affected 
only a small fraction of the CD 3 CN while totally depleting the 
OH photolytic precursor. A very limited amount of data on 
reactions 3 and 4 in the presence of 0 : buffer gas was also obtained 
and is discussed below. 
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TABLE VI: Best-Fit Pinmeters ia OH Regeneration Simulations' 


simulation 


reaction 

*«* 

parameters 

measd rate in N 2 
k 4 

ICHjCN], 

10“ molecules cm" 3 

|0 2 ). Torr 

press., Torr 

r. k 

no of expts 

Oil + CII..CN (/ = 1) 

1.25 

1.25 

5 ± 4 

2.5 

4 9-11.2 

120 

600 

298 

3 


1.25 

1.25 

5 ± 4 

2.5 

15.0 

0.9-225 

450 

298 

3 


1.0 

0.7 

5 ± 4 

2.5 

4.0-10.7 

40 

200 

298 

2 


0.7 

0.7 

5 

1.38 

7.1 

23 

114 

256 

1 

Oil + CD.CN (» - 2) 

0 85 

065 

5 4 4 

1.5 

1. 4-7.3 

28 

140 

298 

3 


0.55 

0.35 

5 

0.9 

7.1 

22 

no 

256 

1 

OD + ClljCN (/ - 3) 

2.25 

085 

5 

3.2 

46 

135 

270 

298 

1 

OD + CD.CN (< - 4) 

1.1 

1.1 

5 

2.2 

1.6 

25 

50 

298 

1 


'Best fits were obtained by visual comparison of experimental and simulated decay profiles Errors were estimated from the scatter in the 
experimental data and simulation parameters. ‘Units arc I0"* 4 cm 3 molecules"* s‘*. 'Units are 10"“ cm 3 molecules* 1 s" 1 . 


Modeling the Regeneration Process. In order to examine the 
plausibility of the above mechanism we have modeled some of 
our 0 2 data using a gear program 20 to numerically integrate the 
rate equations. 

The simulations of reaction I in the presence of 0 2 involved 
a simple four-reaction kinetic scheme which consisted of two 
reactive channels, (Ic) and (Id), background losses, (6), and a 
regeneration step, (7), which involves the reaction of a product 
of (Id) with 0 : to produce OH. 

CHxCN 4 OH A (Ic) 

CHjCN 4 OH B (Id) 

B + 0 2 -*■ OH 4- products (7) 

In this scheme, which clearly oversimplifies the actual reaction 
mechanism. A represents the unidentified products of all reactive 
channels which do not lead to OH regeneration, and k lc represents 
the sum of the rates of those processes. Similarly reaction Id, 
which may be a single or multistep process, produces an inter- 
mediate B. which reacts with 0 : to regenerate OH. While A and 
B may represent multiple products of ( Ic) and (Id), this scheme 
doc* not preclude A and B in fact being the same species. For 
instance, if the reaction proceeded solely by adduct formation 
followed by adduct reaction with 0 2 then A and B would both 
represent the adduct. Those channels which led to OH regen- 
eration would be represented by (Id), and those which did not 
would be represented by (Ic). 

Initially the sum k lK 4 k ld was taken as the value of k, obtained 
in N : buffer, k* was determined experimentally, and the branching 
ratio between ( Ic) and ( Id) as well as the value of k 1 were varied 
to produce the best fit to the experimental data. The fitting process 
was qualitative with best fils being obtained by visual comparison 
of the simulated and experimental data. While the values of the 
branching ratio and k 7 couple to some extent, the fits arc very 
sensitive to the upper limit of the branching ratio k x Jk , d . Figure 
6 shows simulations obtained with k lK 4 * ld ■ 1.25 x 10’ u cm 3 
molecule' 1 s' 1 and * 7 * 5 x I0" 14 cm 3 molecule* 1 s' 1 : these sim- 
ulations arc able to reproduce the observed OH decay profiles at 
a single [CH,CN] as the 0 : partial pressure is varied from 0.9 
to 225 Torr at 450 Torr total pressure. Table VI shows the values 
of the “best fit" parameters for nine experiments in which OH 
regeneration was observed including one experiment at 256 K. 
All of the experimental profiles, with the exception of two ex- 
periments in 200 Torr of air at 298 K, arc reproduced well with 
*, c ■ *, d * k ,/2; for these two experiments the value of k, d was 
reduced slightly to give the best fils. For all the experiments a 
value of ki ■ (5 ± 4) x I0" 14 cm 3 molecule" 1 s" 1 was able to 
reproduce the observed profiles. The success of this simple kinetic 
scheme indicates that our data is consistent with reaction I 
proceeding by either of two channels with approximately equal 
probability. One of these channels leads eventually to the re- 
generation of OH and the process involves a rate-determining step 
in which 0 2 reacts with an unknown intermediate with a bimo- 


(20) McKinney. R J.; Wcigcrt, F. J. <il ar: Gear Algorithm Integration 
of Chemical Kinetics Equations: QC MP #022. Department of Chemistry. 
Indiana UnivcrMty. Bloomington. IN. 


lecular rate coefficient of (5 ± 4) x 10" 14 cm 3 molecule" 1 s" 1 . 

As noted above, for reaction 1, either an abstraction or an 
addition channel could lead to OH regeneration. An abstration 
channel could lead to OH regeneration if the methyl cyano radical, 
or one of its decomposition products, reacted with 0 2 . It is not 
possible, therefore, to identify the rate constants and* *, d with 
specific channels. For reaction 2 the situation'is less ambiguous 
since any methylcyanoJ 3 (or its decomposition products) produced 
cannot react with 0 2 to regenerate OH Any OD produced in 
such a reaction would not be observed by LIF when the laser was 
tuned to an OH transition. In this case observation of OH re- 
generation provides almost conclusive evidence for the presence 
of an addition channel. As was noted above, OH regeneration 
was observed for reaction 2 in the presence of 0 2 . Simulations 
were again performed using a kinetic scheme analogous to the 
one used for reaction 1. 

CDjCN 4 OH — A (2c) 

CD 3 CN 4 OH - B(OH) (2d) 

B(OH) 4 0 2 — OH 4 products (8) 

Four experiments at 298 K in 140 Torr of air and one experiment 
at 256 K in 100 Torr of air were analyzed and the results are 
summarized in Table VI. The fit to the 256 K experiment with 
k 2 , x 5.5 x 10" 15 cm 3 molecule" 1 s" 1 . k, d * 3.5 x 10" 15 cm 3 
molecule" 1 s" 1 , and k 9 * 5 x 10' 14 cm 3 molecule' 1 s' 1 is shown 
in Figure 7 together with the decay profile which would be ex- 
pected in N : . Again the data is consistent with the reaction 
proceeding via two channels one of which leads to OH regener- 
ation, and again the rate-determining step in the regeneration 
process proceeds with a bimolecular rate coefficient of (5 ± 4) 
x I0' 14 cm 3 molecule" 1 s" 1 . 

OD regeneration was observed for reactions 3 and 4 in the 
presence of 0 2 . Two observed decay profiles along with simulated 
profiles and decays which would be expected based on rates 
measured in N : are shown in Figure 7; the rate constants used 


in the simulation are included in Table VI. 

CH 3 C N 4 OD — A (3c) 

CH 3 CN 4 OD — B(OD) (3d) 

CD 3 CN 4 OD — A (4c) 

CD 3 CN 4 OD - B (4d) 

B(OD) 4 0 : OD 4 products (9) 

B4 0 : -* OD 4 products (10) 


Reactions 9 and 10 are the analogous OD regeneration steps. 
Reaction 4 shows similar behavior to reactions I and 2; however, 
for reaction 3 the degree of OD regeneration is less pronounced 
although still evident when compared with the decay profile ex- 
pected from the rate constant measured in N>. 

Overall, the above simulations indicate that the observed OH(D) 
regeneration profiles obtained under a variety of conditions can 
be simulated by using a simple four-step kinetic scheme. One 
channel leads to OH(D) regeneration and the initial step in the 
regeneration process appears to involve an addition step to produce 
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an OH(D)/acetonitrile adduct. The adduct, or one of its de- 
composition products, reacts with 0 2 to regenerate OH(D) at a 
rate of (5 ± 4) x 1 0“ ,% cm 3 molecule' 1 s' 1 . A second channel or 
channels lead to the formation of products other than OH. By 
themselves the simulations give no added information on this 
channel since, in terms of the generated OH profiles, all of the 
possible mechanisms arc kinetically equivalent. The observed 
kinetic isotope effects and pressure dependencies, however, have 
considerable mechanistic implications for this channel and these 
are discussed below. 

Reversible Adduct Formation. Since the observed pressure 
dependence of reaction 2 and the observation of OH regeneration 
in reaction 2 and OD regeneration in reaction 3 provide strong 
evidence for an addition channel, we investigated the possibility 
that reversible adduct formation was occurring. Such behavior 
might manifest itself in several ways. If the forward addition step 
is proceeding at a rate that is faster than the overall rate of 
reaction, but sufficiently slow that it is resolvable by the (**100 
ns) time resolution of this experiment, then nonexponential decays 
would be observed. An initial fast decay into equilibrium would 
be followed by a slower decay due to chemical reaction. In cases 
in which the adduct reacts with oxygen, the presence of oxygen 
results in an increase in the observed rate of reaction and a 
tendency toward exponential decay with increasing [0 2 ] - At the 
highest CH 3 CN concentrations used, we saw no deviation from 
exponential behavio; in N 2 buffer. In 0 2 , although we saw OH 
regeneration, the initial slopes of (he decays were consistent with 
the reaction rate measured by N 2 . 

If reversible adduct formation took place on a very fast time 
scale (i.e.. < 1 00 ns), then although we would be unable to tem- 
porally resolve the decay into equilibrium, we should be able to 
detect its presence by monitoring the OH fluorescence signal 
immediately after photolysis in the presence and absence of 
CHjCN. Since decay due to reaction is negligible, any decrease 
in the OH signal must be due to the fact that some OH has been 
tied up in adduct formation. We performed such experiments 
for reactions I and 2 in 600-700 Torr of N 2 buffer. Under these 
conditions the only significant deactivation processes for OH A 2 I* 
are fluorescence and collisional quenching by N 2 and CH 3 CN; 
the rates of these processes have the following magnitudes for a 
mixture of 5 Torr of CH,CN in 600 Torr of N,. 2 *- 22 

k 0 (N : ) ** 8 x 10* s' 1 

* q (CH 3 CN) 5 x 10 7 s" 1 (guesstimate) 
k r *= 1.5 x 10* $*' 

The quenching rate for CH 3 CN does not appear to have been 
determined directly so the CH 3 CN deviation rate was calculated 
assuming k 0 * 3 X )0"'°cm 3 molecule' 1 s' 1 from comparison with 
known quenching rates. 22 It can be seen that quenching by N 2 
is the dominant deactivation process for OH A 2 ! 4, even assuming 
the very fast quenching rate for CH 3 CN. Under these conditions 
the Stcrn-Volmcr equation for fluorescence quenching 

/f//f.o-*f/(*f + *o(M]) (ID 

reduces to 

M/u/w/y - Pi/h on) 

where /, (/>,) is the fluorescence intensity at pressure P ,. 

In these experiments the OH signal was measured in the absence 
of CH*CN and then a CHiCN/N 2 mixture was added without 
adjusting the throttle valve. Hence the pressure increased, but 
the concentration of the OH precursor and the photolytically 
generated OH remained approximately the same. In the absence 
of any adduct formation we would therefore expect the OH signal 
to decrease in inverse proportion to the pressure increase. Table 


(21) Burris. J.; Butler. J. J.; McGee. T. J.; Heaps, W. S. Chem Phys. 
1988 124. 251 

(22) Copeland. R A.; Dyer, M J.; Crcaley. D R. J Phys Chem 1985. 
82. 4022 


Hynes and Wine 

TABLE VII: Effects of CH,CN AMiboa om tW Pr cum Depewdewct of 
OH Fk**t*cfct literary 

(CH.CN). w 

reaction P H . molecules cm' 1 Torr V s./chkn 

OH + CH)CN 1.15 1.56 xlO 17 720 1.16 

OH + CDjCN 1.08 1.23 X 10” ^80 1.07 

VJI shows the OH signal and total pressure ratios for reactions 
1 and 2 taken 300 ns after the photolysis pulse. The OH signal 
is seen to be inversely proportional to the total pressure, dem- 
onstrating the absence of any rapid reversible adduct formation. 

Mechanistic Implications. While the consensus view of reaction 
I is that it proceeds via a direct abstraction mechanism,’ 2 *' 4 - 23 three 
aspects of our data are clearly inconsistent with such a mechanism 
being the dominant reaction pathway. First, if the reaction 
proceeded only via direct abstraction we would expect the observed 
isotope dependencies to be quite different. The rates of reactions 
I and 3 would be similar, as would the rates of reactions 2 and 
4, with small differences being due to a secondary isotope effect. 
The primary isotope effect would result in reactions 2 and 4, which 
break C-D bonds, being slower' than reactions T and 0, which 
break C-H bonds. Jn fact, the rates of (1) ahd (4) are similar 
with those of (2) and (3) showing deviations. Second, we would 
not expea to see a pressure dependence for any of the reactions. 
Third, we would expea to see identical kinetic behavior in N 2 and 
oxygen-containing buffer gases for reaaions 2 and 4, since in these 
cases any secondary chemistry involving the methylcyano radical 
and 0 2 could not regenerate the radical which is being monitored. 

The observed behavior can be reconciled with a complex :e- 
aaion mechanism which proceeds via the formation of an ener- 
gized intermediate, i.e. 



Such an energized intermediate could decompose to produce 
CH 2 CN and H 2 0, decompose back to reactants, or at sufficiently 
high pressures be collisionally stabilized. Hence the reaction 
proceeds at a finite rale at low pressure but shows an enhancement 
in the rate as the pressure is increased. Such mechanisms have 
been invoked 24 to explain observations on reactions such as OH 
4- CO and OH 4* HN0 3 , which display complex kinetic behavior 
such as negative temperature dependencies, pressure effects, and 


curved Arrhenius plots. 

OH 4- CO -* products (11) 

OD 4* CO — products (12) 

OH 4* HN0 3 products (13) 

OD + DN0 3 products (14) 


The pressure, temperature, and isotope dependencies of the ele- 
mentary steps k t , k k and interact to produce complex 
behavior in the observed rate constant. For instance, reaction 1 1 
is pressure dependent in N 2 at room temperature, increasing from 
a low-pressure rate of 1.5 x 10' ,3 cm 7 molecule' 1 s' 1 to 2.3 X 10" 13 
cm 3 molecule' 1 a' 1 in 760 Torr of N 2 ; ,f no significant rate en- 
hancement is observed in He at pressures up to I aim. 2 ' The 
rate of reaction 12 increases from the low-pressure limit of 0.5 
X 10' 13 cm 3 molecule’ 1 s’ 1 to 1.7 x 10‘ 13 cm 3 molecule' 1 s' 1 in 
760 Torr of N 2 and a significant pressure effect is observed in 
He. 2 * Larson, et al. 27 have performed two-channel RRKM 
calculations for reaaion 1 1 and arc able to reproduce the observed 
pressure and temperature dependencies. Brunning et al. have 


(23) Atkinson. R. J. Phys Chem Ref Data Monognph I. 1989 

(24) Mozurkewich. M . Benson. S. W. J. Chem Phys 1984. 88. 6429. 
6435, and 6441. 

(25) Paraskcvopoulo*. G.; Irwin. R S. J Chem Phys. 1914. 80. 259. 

(26) Paraskcvopoula. G.; Irwin. R S Chem Phys. Leri 1912. 93. 138 

(27) Larson. C W.; Steward. P. H.; Golden. D M Ini. J Chem. Kmei. 

1918. 20. 27. 
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directly measured the formation rates of the HOCO and DOCO 
complexes in reactions 1 1 and 12. 21 They have constructed a 
detailed model which is able to reproduce the observed pressure, 
temperature, and isotope effects. Among the points noted in their 
stud) was the importance of including angular momentum effects 
since the rate of dissociation of the HOCO complex to H + CO : 
decreases with increasing J Calculations on reaction 13 predict 
that it should show a small pressure dependence, while the rate 
of reaction 14 is predicted to be faster and to show a much larger 
pressure dependence. 24 Recent careful experimental work indicates 
that k }} is weakly pressure dependent. 29 - 30 Reaction 14 also 
appears to show a pressure dependence at room temperature; 
interestingly, A, 4 is found to be a factor of 14 slower than Ar, J% 31 
in contradiction to the theoretical prediction that A, 4 > k }y 24 

There arc interesting parallels in some aspects of the behavior 
of reactions 1-4 and 11-14. Perhaps the most important point 
is that the behavior of reactions which proceed via such complexes 
is very different from third-order reactions. Detailed models with 
accurate structures for the complex and the transition stales 
leading to complex and product formation are required in order 
to understand observed pressure, temperature, and isotope de- 
pendencies. While our data set is too limited to draw any firm 
conclusions, the observed pressure and isotope effects are consistent 
with a complex mechanism. As we noted above, a direct ab- 
straction channel should exhibit a significant isotope effect and 
no pressure dependence. In a study of the reaction of OH with 
dimethyl sulfide, (CH 3 )>S, wc observed this type of behavior.*' 
An abstraction channel is observed which is pressure independent, 
shows a positive activation energy, and shows a significant isotope 
effect. A reversible addition channel becomes evident when oxygen 
is added to the system because the adduct reacts with oxygen 
rather than decomposing back to reactants; hence, the observed 
reaction rate increases. This increase shows no isotope dependence, 
implying that both the addition rate and the rate of the adduct 
reaction with oxygen show no isotope dependence The similarities 
between the rates of reactions I. 4, and 2 at high pressure would 
argue against the presence of a major direct abstraction channel. 
Clearly, the definitive establishment of such a mechanism requires 
much further work including studies of the rate at low pressure 
and over a much wider temperature range, and also product 
identification studies. 

Our data provide* a limited amount of information on the 
mechanism of OH regeneration. As wc have noted above, the 
initial step must involve the formation of an adduct followed by 
reaction of the adduct, or one of its decomposition products, with 
0 : . While it is not possible to directly distinguish between these 
processes, it is possible to place a lower limit on the adduct de- 
composition rate which would be necessary if reaction of an adduct 
decomposition product with 0 : were the rate-determining step 
in OH regeneration. This rate will be pressure dependent. 
However, for the 298 K. 450 Ton data for reaction 1 , simulations 
of the experimentally observed decay profiles indicate that the 
adduct decomposition rate would have to be greater than 10 4 s" 1 
for reaction of an adduct decomposition product with 0 2 to be 
the rate-determining step. Considering the likely strength of 
chemical bonds in the adduct, it seems unlikely that it would 
decompose to products other than OH + CH,CN on such a fast 
time scale. Hence direct reaction of the adduct with 0 2 is probably 
the rate-determining step in regeneration. 

One possible reaction path (written for reaction 2) which is 
energetically feasible and results in OH regeneration via an adduct 
+ 0 : reaction is 

OH CDiCN 4 0 2 - DjCO + DOCN 4- OH (15) 

AH ~~ -62 - AH M kcal mol" 1 

(28) Brunmng. J.; Derbyshire. D W.; Smith, I. W. M.; Williams, M D. 
J. Chem Snc.. Faraday Tranx 2 1988 44. 105 

(29) Margitan. J J ; Watson. R T J Phys. Chem 1982. 46. 3819 

(30) Suchmk. R A.; Molina, L. T.. Molina. 1. J. J Phys. Chem 1986. 
90. 2777. 

(31) Bo*wrd. A R.; Para*kevopouk». G.; Singleton, D L. Chem. Phys. 
Lett 1987. 134. 583. 
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D.C-CIN-OH 

2 1 i 
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D^C =0 ♦ DO-C5N^ 0^ 

Figure 8. Plausible set of elementary steps for* the reaction of OH + 
CD 3 CN + 0 2 — DjCO DOCN 4- OH Adduct decomposition to 
product* is shown as a single step, in reality, it probabl) occurs via two 
sequential steps with either D 2 CO or OH coming off before the other. 


TABLE VIM: Summary of Reported Rate Constants for Reaction 1 


A* 

E/R. K 

*(298 K)* 

technique' 

ref 

0.586 

755 

4 94 ± 0 6 

FP-RF 

9 



2 4 ± 0.3 

FP-RF 

10 



1.9 ± 0.2 

FP-RF 

II 

0.628 

1031 

1.94 ± 0.37 

FP-RF 

12 



2.1 ± 0.3 

DF-EPR 

14 

d 

, d 

2.63 ± 0.5 

FP-RF 

13 

II 

1104 

2.58 ± 0 38 

PLP-PLIF 

this work 

•Units arc I0' ,J cm 

J molecule' 1 s' 1 . 

'Units are I0' u cm' 3 mole- 


culc" 1 s' 1 . r FP. flash photolysis; RF. resonance fluorescence. DF. dis- 
charge Dow. EPR. electron paramagnetic resonance. PLP. pulsed laser 
photolysis. PLIF, pulse laser induced fluorescence. 'Temperature de- 
pendence given by *(71 ■ exp<((7.8 ± 0.9)7/1000) - (33.7 ± 0.4)). 

where AH td<J is the enthalpy change for the OH 4- CD*CN ad- 
dition reaction. A plausible set of elementary steps via which 
reaction 15 could proceed is shown in Figure 8. The mechanism 
assumes that OH adds to the nitrogen atom in acetonitrile, thus 
creating a car bon -centered radical. Interestingly, attempts to 
construct a plausible mechanism for reaction 15 based on initial 
addition of OH to the cyano carbon atom were unsuccessful 
because the regenerated hydroxyl radical was deuterated. 

One set of experiments which we have not carried out is de- 
termination of both the OH and OD yields for reactions 2 and 
3 in the presence of 0 2 . Such experiments would be of interest 
for further constraining the reaction mechanism. If hydrogen- 
deuterium exchange within the adduct is efficient, or if OH ad- 
dition to the nitrogen atom and to the cyano carbon atom occur 
at similar rales, then production of both OH and OD would be 
cxpcc'cd. 

Comparison with Precious Work. Four studies of reaction 1 
have been published 9 and the results of two other studies’ 1 - 13 
are available and have been included in recent evaluations. 23 - 32 
There have been no previous reported studies of reactions 2-4. 
Table VIII summarizes the available data. Our results are in good 
agreement with the study of Kurylo and Knable 12 and with all 
room temperature results with the exception of the data of Harris 
ct al 9 As has been noted previously, 11 * 23 it appears that the data 
of Harris cl al. were erroneously high due to the presence of 
impurities or secondary chemistry. Rhasa and Zellner’ 3 have 


(32) DeMore. W B . Molini. M J.; Sander, S P.; Golden. D M.; 
Hampton. R F.; Kurylo. M. J.; Howard. C. J.; Ravishunkara, A. R. 
"Chemical Kinetic* and Photochemical Data for Use in Stratospheric 
Modeling"; JPL publication 87-41, 1987. 
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reported non-Arrhenius behavior over the range 296-520 K and 
expressed their data in terms of a two-parameter fit. However, 
over most of the temperature range of their study, Rhasa and 
Zcllncr's results agree, within the combined uncertainties, with 
this work and that of Kurylo and Knable. 12 Poulct et al. 14 
measured A, at room temperature and at 393 K using the dis- 
charge-flow technique in 1 Torr of He; their room temperature 
results arc in good agreement with the flash photolysis results, 
excluding those of Harris cl al. 9 However, their 393 K result is 
in good agreement with that of Harris et al. Poulet et al.’s data, 
if fit to a simple Arrhenius expression, would result in an activation 
energy that is considerably higher than was measured in other 
studies. 

Of the studies of reaction 1 at room temperature only Zetzsch" 
has observed a significant pressure effect. In Ar buffer he observed 
a decrease from 2 x 10 -14 to 0.8 x 10“ 14 cm 3 molecule' 1 s* 1 over 
the pressure range 100-5 Torr. Rhasa and Zellner saw a small 
decrease in A, at 10 Torr in He 13 and Kurylo and Knable saw no 
pressure dependence over the range 20-50 Torr in Ar and SF* 
buffers. 12 Finally, as noted above, Poulet et al. 14 measured a room 
temperature value of A, in agreement with the average of the lower 
room temperature flash photolysis results and concluded that there 
is no pressure dependence. In a recent evaluation of reaction 1, 
Atkinson 2 ' also concludes that the reaction proceeds mainly via 
abstraction, citing the lack of a pressure dependence and the fact 
that the OH + R-CN rate constant increases by a factor of 4-10 
in going from acetonitrile to propionitrile. 

Our results appear to be incompatible with reaction 1 proceeding 
primarily by simple abstraction, and our analysis of the OH 
regeneration data is consistent with the pressure -dependent channel 
accounting for 50^ of the branching ratio, in good agreement with 
the results of Zetzsch. The majority of the other available data 
would appear to contradict this view. However, a number of 
possible problems can be identified in the other studies. The 1 
Torr discharge-flow stud) of Poulet et al. 14 while in apparent 
agreement with the room temperature high-pressure limits ob- 
tained in the flash photolysis studies (excluding that of Harris 
et al). is a factor of 1.8 greater at 393 K. Atkinson 23 cites the 
increase in the rate of reaction in going from acetonitrile to 
propionitrile as evidence of the reaction proceeding by abstraction, 
since such an enhancement might be expected due to the presence 
of more weakly bound secondary hydrogens. However, this rate 
increase is based on the study of Harris et al. 9 and, since their 
measurement of A, appears to be too high, it seems questionable 
to rely on other data from the same study for mechanistic in- 
terpretation without an independent verification. The failure of 
both Kurylo and Knable and Rhasa and Zellner to observe a 
pressure dependence is rather more difficult to explain. Rhasa 
and Zellner were attempting to reproduce the results of Zetszch 
and rationalize their failure to observe a pressure effect as being 
possibly due to impurities. This would require an impurity reaction 
which shows an inverse pressure dependence which exactly cancels 
the pressure dependence of reaction 1 — an unlikely possibility. 

Implications for Atmospheric Chemistry. The agreement 
between this work and that of Kurylo and Knable over an extended 
temperature range greatly decreases the uncertainly in A, over 


Hynes and Wine 

the temperature and pressure range appropriate for most of the 
troposphere. Additionally, our results in N 2 and N 2 /0 2 buffer 
gases indicate that while the mechanism of reaction 1 is the subject 
of considerable uncertainly, its effective rate under lower at- 
mospheric conditions is well established. However, the unresolved 
question of the pressure dependence and reaction mechanism has 
important implications for modeling the upper troposphere and 
stratosphere. If reaction 1 proceeds via a pressure-dependent, 
complex mechanism, then a simple Arrhenius expression may not 
be appropriate for extrapolation to lower stratospheric tempera- 
tures. The most recent nrtodeling calculations of CH 3 CN profiles 2 
considered the effects of both the Harris et al. and Kurylo and 
Knable Arrhenius expressions for the rate of reaction 1. The 
Kurylo and Knable expression gives the best fit to the observed 
profiles above 20 km but predicts rather lower ground level mixing 
ratios than reported observations. 33 The model also predicts that 
the only significant loss mechanism for CH 3 CN below 40 km is 
reaction 1. Since a large body of data on CH 3 CN concentration 
profiles above 20 km exists, the establishment of accurate ground 
level mixing ratios should place significant constraints on model 
calculations; it also potentially offers an alternate approach for 
calculation of OH profiles. ^ # 

Summary 

We have employed the PLP-PL1F technique to study the ki- 
netics of reaction 1 over the temperature range 256-379 K and 
pressure range 50-700 Torr in N 2 , N' 2 /0 2 , Ar, and He buffer 
gases. Our results, which are in good agreement with a previous 
flash photolysis-resonance fluorescence study in 50 Torr of Ar, 12 
greatly decrease the uncertainty in the rate of reaction 1 for use 
in atmospheric modeling calculations. Our studies of the isotopic 
variants of reaction I together with the observation of complex 
kinetics in the presence of 0 2 , indicate that the reaction cannot 
proceed only via a direct hydrogen abstraction mechanism. Our 
results arc consistent with reaction proceeding via the formation 
of a complex intermediate which can dissociate to reactants or 
products, or be collisionall) stabilized. The thermalized adduct 
does not appear to redissociate to OH; however, it, or one of its 
dissociation products, reacts with 0 : to regenerate OH with a rate 
constant of (5 ± 4) X 10' l6 cm 3 molecule' 1 s' 1 . The unresolved 
question of the pressure dependence of reaction 1 at lo* tem- 
perature could be important for constraining models of strato- 
spheric CH 3 CN profiles and also for using these measured profiles 
to determine OH profiles. 
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The relative rate technique has been used to investigate the kinetics of the reaction of Cl atoms with carbon disulfide, CS 2 . at 
700 Ton total pressure of air at 298 K. The decay rate of CS 2 was measured relative to CH 4 , CHjCl and CHF 2 C1. For experiments 
using CH 4 and CH 3 G references, the decay rate of CS 2 was dependent on the ratio of the concentration of the reference to that of 
CS 2 . We ascnbe this behavior to the generation of OH radicals in the system leading to complicated secondary chemistry . From 
experiments using CHF 2 C1 we are able to assign an upper Limit of 4xl0” 13 cm 3 molecule” 1 s” 1 for the overall reaction, 
C1 + CS 2 — products. 


1. Introduction 

The gas-phase reaction of Cl atoms with organic 
species represents an important loss process for Cl 
atoms and organic compounds in the upper atmo- 
sphere [1,2]. Additionally, G atom attack provides 
a useful laboratory method for studying the kinetics 
and mechanisms by which organics are oxidized (see 
for example refs. [3,4] ). Despite the importance of 
such reactions, there are significant uncertainties and 
inconsistencies in the kinetic data base for Cl atom 
reactions. 

Carbon disulfide, CS 2 , is an important biogenic 
sulfur compound which has betn identified as a trace 
component of the atmosphere [5]. The reaction of 
Cl atoms with CS 2 has been the subject of two recent 
studies. In the first study of this reaction, Martin et 
al. [6] used a relative rate technique at 1 50-760 Torr 
total pressure of N 2 /0 2 mixtures at 293 K. In their 
study, Martin et al. [6] monitored the decay of CS 2 
relative to CH 4 and CH 3 C1 in the presence of G at- 
oms, and observed that the kinetics of this reaction 
varied as a function of both pressure and molecular 


oxygen concentration. These observations were in- 
terpreted in terms of a three-step mechanism with Cl 
atoms adding to CS 2 to form a weakly bound adduct 
which either dissociates to reform the reactants, or 


reacts with 0 2 to form products 

C1 + CS 2 + M-CS 2 C1 + M, (a) 

CS 2 G + M->CS 2 + G + M, (b) 

CS 2 G + 0 2 -> products . (c) 

In 760 Torr of synthetic air, Martin et al. [6] report 
an effective rate constant for the reaction of G with 
CS 2 , 

G+C^-* products , (1) 

/^rrgxlO" 14 cm 3 molecule" 1 s" 1 . 


In the second study of the G + CS 2 reaction, 
Nicovich et al. [7] employed an absolute technique 
(pulsed laser photolysis time-resolved fluorescence) 
to study the kinetics of Cl atom loss in the presence 
of CS 2 . Experiments were performed over the tem- 
perature range 193-293 K and pressures up to 300 
Torr of air. Nicovich et al. [7] confirmed that the 
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reaction of Cl with CS 2 proceeds via reversible ad- 
duct formation as proposed by Martin et al. [6]. Al- 
though no evidence for the occurrence of reaction 
(c) was observed by Nicovich et al. [7], their data 
do not preclude the occurrence of reaction ( 1 ) with 
an overall rate, A, = 8 x 1 0“ 14 cm 3 molecule” 1 s” 1 in 
760 Torr of air at 298 K (as reported by Martin et 
al. [6]), provided that the CS 2 Cl + 0 2 reaction oc- 
curs via a channel which regenerates chlorine atoms. 

To further our understanding of the kinetics and 
mechanism of reaction ( 1 ) in particular, and of 
chlorine atmospheric chemistry in general, we have 
reinvestigated the kinetics of the reaction of Cl at- 
oms with CS 2 . Experiments were conducted using the 
relative rate technique at 700 Torr total pressure of 
synthetic air and 295 ±2 K. 


2. Experimental 

The apparatus and experimental techniques em- 
ployed in this work have been described previously 
[8,9], and are only briefly discussed here. The ap- 
paratus consists of a Mattson Instruments Inc. Sirius 
100 FT-IR spectrometer interfaced. to a 140 £, 2 m 
long evacuabie pyrex chamber (5/^=0. 14 cm" 1 ). 
The pyrex chamber was surrounded by 22 UV flu- 
orescent lamps which were used to generate chlorine 
atoms by the photolysis of molecular chlorine. 

Cl 2 2C1 . 

White type multiple reflection optics were mounted 
in the reaction chamber; the path length used in the 
present study was 26.6 m. The spectrometer was op- 
erated at a resolution of 0.25 cm” 1 . Infrared spectra 
were derived from 16 co-added interferograms. 

Reaction mixtures consisting of CS 2 , a reference 
organic (CH 4 , CH 3 G, or CHF 2 C1) and chlorine, di- 
luted in synthetic air, were admitted to the reaction 
chamber. In the presence of atomic chlorine, CS 2 and 
the reference organic decay via 

G + CS 2 -* products (I) 

and 

Cl + reference organic -► products . (2) 

Providing that the CS 2 and reference organic are lost 
solely by reactions (1 ) and (2), and that neither is 

104 


reformed in any process, it can be shown that 

ln [CS 2 ], 0 /c, [ reference ], 0 m 

[CS 2 ], ~* 2 [reference], ’ 

where [CS 2 ]* and [ reference ], 0 , and [CS 2 ], and 
[reference], are the concentrations of CS 2 and ref- 
erence organic at times t 0 and f, respectively, and /c, 
and k 2 are the rate constants of reactions ( 1 ) and 
(2), respectively. 

To test for loss processes in addition to reactions 
( 1 ) and (2), mixtures of chlorine with bothorganics 
were prepared and allowed to stand in the dark. In 
ail cases, the reaction of the organic species with 
chlorine, in the absence of ultraviolet light, was of 
negligible importance over the time periods used in 
this work. Additionally, to test for the possible pho- 
tolysis of the organics used in the present work, mix- 
tures of the reactants in synthetic air in the absence 
of molecular chlonne were irradiated using the out- 
put of all the blackJamps surrounding the chamber 
for 10 min. No photolysis ( <2%) of any of the reac- 
tants was observed. This observation is consistent 
with the fact that CH 4 , CH 3 CI and CHF 2 CI do not 
absorb in the spectral region where the blackJamp 
emission is most intense ( 350-390 nm ) and CS 2 ab- 
sorption in this region is weak [ 10,1 1 ]. 

The decay of the CS 2 and reference organics were 
measured using their characteristic absorptions in the 
infrared over the following wavelength ranges (in 
cm” 1 ): CS 2 , 1500-1575; CH 4 , 1225-1400 and 2900- 
3100; CH 3 C1, 1300-1400; CHF 2 C1, 1000-1200. Ini- 
tial concentrations of the gas mixtures were: CS 2 , 1.5- 
4.4 mTorr, CH 4 , 6.7-28 mTorr; CH 3 C1, 14-66 
mTorr, CHF 2 G, 3. 4-4. 4 mTorr; Cl 2 , 70-1 10 mTorr. 
All reagents were purchased from commercial ven- 
dors at purities of > 99% and used without further 
purification. Experiments were performed at room 
temperature, 298 ± 2 K, and 700 Torr total pressure 
of synthetic air. 


3. Results 

Figs. 1 and 2 show plots of ln( [CS 2 ] n) /[CS 2 ] / ) 
versus ln( [reference]* /[reference],) for the refer- 
ences CH 4 and CH 3 C1, respectively. As seen from figs. 
1 and 2, we observe nonlinear decay plots for ex- 
periments using either CH 4 or CH 3 C1 as references 
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Ln ([CH^^CH^) 

Fig. 1 . Ploi of ln ( [ CS 2 ] „ / [ CS 2 ] , ) versus In ( [ CH* ] * / [ CH 4 ] , ) 
for initial concentration ratios [CH 4 ]/[CS 2 ]; 1.7, (• ); 3.5, (▲ ); 
19. ( A ). Solid lines represent second- or third-order fit to the 
data to aid in visual inspection of the data trend. Dotted lines 
represent predicted behavior using chemical mechanism given in 
table 1. corresponding to each data set. 



Fig. 2. Plot of ln ( [CS 2 ] (0 /[CS 2 ],) versus InUCHjCI]*/ 
{CHjCl],) for initial concentration ratios [CH 3 G)/ICS 2 ] «24. 
( O ) and 5.0. ( • ) . Solid lines represent a second-order fit to the 
data to aid in visual inspection of the data trend. 

with the initial values of the slope k x /k 2 being 
dependent upon the initial concentration ratio 
[ reference ]/[CS 2 ]. where [reference] = [CH 4 ] or 
[CH 3 C1]. 

The curvature shown in figs. I and 2 indicates that 
the assumptions implicit in the derivation of eq. (I ) 
are not valid, i.e. either there are processes which re- 
form the reactants in our chamber, or there are loss 
processes for the reactants in addition to reaction 
with Cl atoms, or both. With the exception of de- 
composition of the CS 2 G adduct, there are no pro- 
cesses that could regenerate either CS 2 , CH 4 or CH 3 C1 


in our system. Under our experimental conditions, 
the lifetime of the CS 2 C1 adduct is less than 1 us [ 7 ] 
compared to the typical time scale of 10-100 s for 
our experiments. Thus, decomposition of the CS 2 C1 
adduct will not affect our kinetic plots. It seems likely 
that the origin of the curvature observed in figs. 1 
and 2 lies in the existence of significant loss pro- 
cesses for the reactants other than reaction with Cl 
atoms. It is our hypothesis that these loss processes 
involve reactions with OH radicals. 

The reaction of G atoms with methane in iir yifelds 
methyl peroxy radicals, CH 3 0 2 , which in turn are 
known to undergo self reaction to produce a variety 
of products (CH 3 0, HCHO and CH 3 OH). Methoxy 
radicals, CH 3 0, formed from the self-reaction of 
CH 3 0 2 , react with 0 2 to produce H0 2 radicals which 
in turn are known to react rapidly with CH 3 0 2 rad- 
icals to yield methyl hydroperoxide [ 12]. It has re- 
cently been demonstrated that Cl atoms react rap- 
idly with methyl hydroperoxide with a rate constant 
of /c= 5.7 x 10" N cm 3 molecule^ 1 s' 1 [13]. This rate 
constant is some 570 times greater than that of re- 
action of Cl atoms with CH 4 . Hence, methyl hydro- 
peroxide formed in our chamber will rapidly be con- 
sumed by G atoms. By analogy to the reaction of OH 
radicals with CH 3 OOH. the reaction of G atoms with 
CH 3 OOH is expected to lead to the generation of OH 
radicals [ 1 4, 1 5 ] . Hydroxyl radicals may also be pro- 
duced by the reaction of Cl atoms with HO-* radicals 
[16]. 

Hydroxyl radicals, if generated in a mixture of CH 4 
and CS 2 will preferentially react with the CS 2 as the 
rate constant for the reaction of OH with CS 2 is 1 80 
times larger than that with CH 4 . As CS 2 and CH 4 are 
consumed a number of products, such as HCHO, 
S0 2 , and HG, build up and compete with CS 2 for 
the available OH radicals. The result of hydroxyl 
radical formation in our chamber will be a fast initial 
CS 2 decay rate followed by a slow CS 2 loss rate at 
high conversions, consistent with the nonlinear de- 
cay plots observed. 

To test the above hypothesis, we have modelled 
the chemistry occurring in the chamber following ir- 
radiation of CH 4 /CS 2 /G 2 /air mixtures using the 
Acuchem [17] kinetic modelling program and the 
chemical mechanism given in table 1. 

The results of the modelling calculations are shown 
by the dotted lines in fig. 1. It should be noted that 

105 


177 


Volume 176, number 1 


CHEMICAL PHYSICS LETTERS 


4 January 1991 


Table 1 

Reaction mechanism 


Reaction 

Rate 

constant ° 

Ref 

C1 + CH4-CH> + HC1 

1.0 XlO*” 

[16] 

CH 3 + 0 2 + M-CH 3 0 2 + M 

1.1 x!0- ,J 

[16] 

CH 3 0 2 + CH 3 0 2 -CH 3 0 + CH 3 0 + 0 2 

1.3 XlO"” 

[18] 

ch 3 o 2 +ch 3 o 2 -hcho 



+ch 3 oh+o 2 

2.1 XlO*” 

[18] 

ch 3 o+o 2 -*hcho+ho 2 

1.9 XlO-' 5 

[18] 

CH 3 0 2 + HOj - CH 3 OOH 4- 0 2 

4.5 XlO* 11 

[12] 

Cl + HCHO-*HCO + HCl 

7.3 X10-" 

[16] 

hco+o 2 — ho 2 +co 

5.5 X 10*” 

[16] 

Cl + CH 3 OH CH 2 OH + H Cl 

4.5 XlO-" 

[19] 

CH 2 0H + 0 2 -HCH0-kH0 2 

9.6 XlO' 11 

[16] 

HO ; + H0 2 -*H 2 0 2 + 0 2 

3.0 XlO*” 

[16] 

ci+h 2 o 2 -ho 2 +hci 

4.1 xlO-” 

[16] 

ch 3 ooh+ci-» ch 3 o 2 + h ci 

2.85X10-" 

[13] *» 

CHjOOH +ci-ch 2 ooh + HO 

2.85x10-" 

[13]*' 

CH : OOH-HCHO+OH 

1 X 10* 

c) 

OH + CS 2 — COS + S0 2 

1.5 X10-” 

[20] 

OH + S0 2 -» products 

8.6 X10-” 

[16] 

oh+co-ho 2 +co 2 

2.3 XlO"” 

[16] 

oh + hcho-h 2 o+hco 

9.8 X10-” 

[21] 

oh+ch 4 -ch 3 +h 2 o 

8.4 XlO'” 

[21] 

oh +ch 3 ooh-»ch 3 o 2 +h 2 o 

3.7 xlO*” 

[15] 

oh +ch 3 ooh -ch 2 ooh + h 2 o 

1.8 X10-” 

[15] 

0H + H0:-H : 0 + 0 2 

1.0 xio-'° 

[16] 

0H + HC1-H 2 0 + C1 

8.0 X10-” 

[16] 

oh+h 2 o 2 -h 2 o+ho 2 

1.7 x20“” 

[16] 

ci+ho 2 -hci+o 2 

3.2 X10-" 

[16] 

ci+ho 2 -oh+cio 

9.1 X10-” 

[16] 

oh+cio-ho 2 +ci 

1.7 xlO-" 

[16] 

cio+ho 2 -hoci+o 2 

5.0 X10-” 

[16] 


#) Units in cm 3 molecule* 1 s“ *. 

k) Equal importance arbitrarily pven to the two possible channels. 
e) Estimated, units in s*‘. 


the chemical mechanism shown in table 1 does not 
include any reaction of G with CS 2 . The sole loss 
process of CS 2 in this chemicaJ model is via reaction 
with OH radicals which are produced from the re- 
action of Cl atoms with methyl hydroperoxide and/ 
or H0 2 radicals as discussed above. There is no 
available data concerning the branching ratio of the 
reaction of G with CH 3 OOH, and thus we have ar- 
bitrarily assigned equal importance to the two pos- 
sible channels. The kinetic data given in table 1 has 
been taken from the literature. No attempt has been 
made to fit the experimental data points by adjust- 
ment of any of the kinetic parameters. Instead, we 
have simply used our starting conditions in the 
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model. From fig. 1, it can be seen that the model pre- 
dictions are in qualitative agreement with our ob- 
servations with large initial slopes which decrease 
with increasing consumption of the reactants. Quan- 
titatively, the model predicts initial slopes, kjk 2 , 
which are within 20% of those observed. As seen from 
fig. 1, at reactant conversions greater than 50%, the 
model prediction deviates significantly from our ob- 
servations. At such high conversions, the chemistry 
in the chamber is complicated by the presence of large ♦ 

amounts of products. The qualitative agreement be- 
tween the model given in table 1 and our experi- 
mental observations shows that it is possible to ex- 
plain a large fraction, if not all, of the observed CS 2 
loss in the CS 2 /CH 4 /G 2 /air experiments as caused 
by OH attack. 

As seen from table 1, in addition to hydroxyl rad- 
icals, there are a number of other transient radical 
species formed following the irradiation of CS 2 /CH 4 / 
G 2 /air mixtures. These species include CH 3 , CH 3 0 2 . 
CH 3 0, H0 2 and HCO. None of these radicals are ex- 
pected to react significantly with either CH 4 or CS 2 . 
Reaction with molecular oxygen (present at a con- 
centration of 140 Torr) is the exclusive fate of CH 3 , 
CH 3 0 and HCO. Neither CH 3 0 2 nor H0 2 radicals 
react with methane. No evidence for the reaction of 
H0 2 with CS 2 was observed in the recent study by 
Lovejoy et al. [22] enabling calculation of an upper 
limit of k<Ax 10" ,6 cm 3 molecule” 1 s” 1 for the rate 
constant of this reaction. Finally we are not aware of 
any literature data to suggest that there is any re- 
action between CH 3 0 2 and CS 2 . 

The major source of OH radicals in our model w as 
reaction of chlorine atoms with CH 3 OOH. Reaction 
of chlorine with H0 2 was of minor importance ac- 
counting for less than 25% of the OH radical source. 

We have not modelled the CH 3 G/CS 2 /G 2 /air 
system as there is insufficient kinetic and mechan- 
istic data available. However, in the light of the 
curved plots, and dependence of the initial rate on 
the CH 3 G concentration shown in fig. 2, it seems 
likely that analogous effects are present in this sys- 
tem also. 

Given the complexity of the CH 4 /CS 2 and CH 3 G/ 

CS 2 systems, we decided to conduct relative rate ex- 
periments of the reaction of G atoms with CS 2 using 
a reference organic which possessed only one hydro- 
gen atom thereby precluding generation of OH rad- 


178 


Volume 176, number 1 


CHEMICAL PHYSICS LETTERS 


4 January 1991 


icals in the system. We chose to use freon-22 
(CHF 2 Q ) as the reference. Results arc shown in fig. 
3. Within our experimental uncertainties, there is no 
evidence for curvature of this data plot. Linear least 
squares analysis of the data given in fig. 3 yields a 
value of 1.05 ±0.05 for the rate constant ratio 
/c(G±CS 2 )//c(Q + CHF 2 Q). Additionally, we mea- 
sured the reactivity of Cl atoms towards CHF 2 G rel- 
ative to CH 4 in 700 Torr of nitrogen diluent; these 
results are also displayed in fig. 3. From these latter 
experiments we are able to define an upper limit of 
/c(G + CHF 2 G)/fc(G + CH 4 ) <0.04. Using the lit- 
erature value of fc(G + CH 4 ) = l.Ox 10 ” 13 cm 3 mol- 
ecule " 1 s " 1 [16], we are then able to calculate an 
upper limit to the rate constant of the overall reac- 
tion of Cl with CS 2 in 700 Torr of air at 295 K of 
4x 10" 15 cm 3 molecule ” 1 s” 1 . 

To further compare the present work with that of 
Martin et al., we conducted a study of the products 
of the Cl atom initiated oxidation of CS 2 . In our ex- 
periments, 3 mTorr of CS 2 together with 30 mTorr 
of CI 2 were admitted into the chamber and diluted 
with N 2 /0 2 mixtures to a total pressure of 700 Torr. 
The 0 2 partial pressures used were 10, 1 50, and 700 
Torr. Upon irradiation, CS 2 was observed to decay 
slowly. The observed products were, in order of im- 
portance, HC1, CO, C0 2 , S0 2 , and COS. Addition- 
ally, at the lowest oxygen concentration used, COCl 2 
and SOCl 2 were detected as minor products. The 
major sulfur containing product observed was S0 2 
with a yield (in terms of sulfur balance) of 50 ±20% 



Fig. 3. Plot of ln( (reactant)*/ (reactant),) versus 
In ( [reference )*/ [reference],) for experiments using CSj as 
reactant and CHFjG as reference (A ) and CHF 2 C1 as reactant 
and CH 4 as reference ( O ). 


(somewhat lower than the 70-82% yield reported by 
Martin et al.). Within our experimental errors, we 
observed no dependence of the S0 2 yield on 0 2 par- 
tial pressure. Consistent with the observation of 
Martin et al., we observed the COS yield to increase 
by a factor of 4 on increasing the 0 2 partial pressure 
from 10 to 700 Torr. 

In terms of understanding the mechanism by which 
CS 2 is oxidized following the irradiation of CS 2 /G 2 / 
0 2 mixtures, the most significant observation in our 
product study was that of l^rge amounts pjf HQ, CO 
and C0 2 products. In the present work -the HG yield 
and the sum of the CO and C0 2 yields were larger 
than the observed loss of CS 2 by factors of 9-1 5 and 
3-8, respectively. Martin et al. observed HC1 as a 
product in their system but, in marked contrast to 
our observations, did not report any CO or C0 2 . 

The HG product in our experiments results from 
the reaction of Cl atoms with hydrogen containing 
compounds present either as impurities in the di- 
luent gases used or on the walls of our reactor. In 
either case, a likely result of such reactions is the gen- 
eration of OH radicals. Clearly, a detailed compar- 
ison between our product yields and those reported 
by Martin et al. is not justified at the present time. 


4. Discussion 

We have established an upper limit to the rate con- 
stant of the overall reaction of Cl with CS 2 in 700 
Torr of air at 295 K of /c, <4x 10" , 5 cm 3 molecule " 1 
s" 1 , reaction ( 1 ). 

This value is consistent with the upper limit of 
/r? < 5 X 1 0 ” 15 cm 3 molecule ” 1 s"\ reported by 
Nicovich et al. [7] for 300 Torr of air, where k* is 
defined as the overall rate constant for reaction ( 1 ) 
via all channels for which the adduct reaction with 
0 2 does not regenerate chlorine atoms. In contrast, 
our value is at least 20 times lower than that reported 
by Martin et al. [ 6 ] who used a relative technique 
almost identical to our own. As discussed above, we 
observe nonlinear decay plots when using CH 4 or 
CH 3 G as references. It is interesting to note that 
Martin et al. [ 6 ] did not also observe such nonlinear 
behavior. Instead, these workers report linear be- 
havior. It is of interest to compare the initial slope, 
k x /k 2 , from our data in fig. 1 using initial concen- 
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tration ratios, [ CH 4 ] / [ CS 2 ] , of 1 .7 and 3.5, i.c. those 
which most closely match the ratio of approximately 
2 used by Martin et al. Linear least squares analysis 
of our data corresponding to CH 4 loss of less than 
30% yields a rate constant ratio of ^0.8 which is in- 
distinguishable, within the experimental errors, with 
the value of 0.9 reported by Martin et al. 

Under the conditions of our experiments, the 
CS 2 G concentration was very small compared to the 
concentrations of G atoms and CS 2 ; hence, the steady 
state approximation to the mechanism consisting of 
reactions (a), (b) and (c) leads to the expression 

*i«^*[0 2 ]/(l+*[0 2 ]) f (II) 

where 

*=*c/*b. (HD 

Nicovich et al. (7] have shown that at room tem- 
perature and atmospheric pressure, k * ^ 2 X 1 0“ 1 1 cm 3 
molecule” 1 s“‘ and /c b ^2xl0 6 s” 1 . Substituting 
these values into eq. (II) along with the value 
k ] <4x 10" 15 cm 3 molecule” 1 s” 1 determined in this 
study leads to the following upper limit for the ad- 
duct + 0 2 rate constant: /c c <8xl0” 17 cm 3 mole- 
cule” 1 s” 1 . 

From the viewpoint of atmospheric chemistry, the 
present work provides an upper limit to the overall 
rate constant for the reaction of Cl with CS 2 mea- 
sured under simulated atmospheric conditions. This 
upper limit is at least two orders of magnitude less 
than the corresponding rate constant for OH radical 
attack. As the atmospheric levels of G atoms are 
1-2 orders of magnitude less than that of OH [23], 
reaction with Cl atoms represents a negligible sink 
for CS 2 in the earth’s atmosphere. 
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Kinetics of the Reactions of 10 Radicals with NO and N0 2 
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A laser flash photolysis-long path absorption technique has been employed to study the kinetics of the reactions of 10 radicals 
with NO and N0 2 as a function of temperature and pressure. The 10 + NO rate coefficient is independent of pressure 
over the range 40-200 Torr of N 2 , and its temperature dependence over the range 242-359 K is adequately described by 
the Arrhenius expression * (6.9 i 1.7) X 1 0” 12 exp[(328 ± 71)/ 71 cm 3 molecule' 1 s' 1 (em>rs are 2a, precision only). 
These Arrhenius parameters are similar to those determined previously for the CIO ♦ NO and BrO + NO reactions. The 
10 4* N0 2 association reaction is found to be in the falloff regime over the temperature and pressure ranges investigated 
(254-354 K and 40-750 Torr of N 2 ). Assuming F c ■ 0.4 independent of temperature, a physically reasonable set of falloff 
parameters which adequately describe the data are * 7.7 X Kr 3, (T/300r 5X> cm* molecule" 2 3 s' 1 and k m * 1.55 X 10" n 
cm 3 molecule" 1 s' 1 independent of temperature. The 10 4* N0 2 rate coefficients determined in this study are about a factor 
of 2 faster than those reported in the only previous study of this reaction. 


Introduction 

The potential role of iodine in tropospheric photochemistry has 
received considerable attention in recent years. It has been 
suggested that 10* chemistry can result in catalytic destruction 
of tropospheric ozone as well as perturbation of the tropospheric 
cycles of H*O r NO*, and sulfur. 1 ’ 3 Iodine can potentially play 
a more important role in tropospheric photochemistry than other 
halogens for two reasons. First, unlike a majority of fluorine, 
chlorine, and bromine atom precursors, most iodine atom pre- 
cursors of atmospheric importance are photosensitive at wave- 
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lengths (>300 nm) which penetrate to the earth’s surface. Second, 
reactions of bydrogen-con taming species with iodine atoms to form 
the reservoir species HI are, in general, endothermic and do not 
occur at atmospheric temperatures. (The 1 4- H0 2 reaction is 
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Reactions of 10 Radicals with NO and N0 2 

a potentially important exception.) 

Volatilization of CH 3 I from the oceans is thought to be an 
important source of tropospheric iodine. 4 ’" 6 The reaction of 0 3 
with iodide in surface ocean waters may also result in volatilization 
of significant fluxes of I 2 and HOI into the atmosphere. 7,1 In 
addition, radioactive iodine atoms, generated as a fission product 
of uranium fuels, represent a potentially harmful airborne emission 
from nuclear power installations. 9 

in the atmosphere, photodissociation of precursor molecules 
such as CH 3 1, I 2 , and HOI produces I atoms, which react with 
0 3 on a time scale of approximately I s ,tH 2 to produce the 10 
radical. Hence, 10 is an important intermediate in tropospheric 
10* chemistry. Recycling of 10 back to I atoms occurs primarily 
by photodissociation and the reaction 

10 + NO -♦ I 4- N0 2 (1) 

Data have been presented in the literature 3 which suggest that 
the reaction of 10 with CH 3 SCH 3 (dimethyl sulfide) may be an 
important mechanism for recycling 10 back to I in the marine 
boundary layer as well as an important sink for CH 3 SCH 3 . 
However, recent work in our laboratory suggests that the IO + 
CH 3 SCH 3 reaction is much slower than previously thought. 13 

In addition to undergoing reactions that regenerate iodine atoms, 
10 radicals can react to form reservoir species: 

10 + N0 2 + M— * I0N0 2 + M (2) 

10 + H0 2 — HOI + 0 2 (3a) 

— HI + 0 3 (3b) 

Reaction 2 appears to be the more important of the reservoir- 
forming reactions except under conditions of extremely low NO*. 1 * 2 
Depending upon the (unknown) rates at which I0N0 2 photo- 
dissociates and thermally dissociates, it is possible that I0N0 2 
is the predominant 10* species in the atmosphere. 

It is clear from the above discussion that accurate kinetic data 
for reactions I and 2 are required in order to successfully model 
tropospheric 10* chemistry. Two studies of the kinetics of reaction 
1 have appeared in the literature, 14,15 both of which were restricted 
to T * 298 K: the reported values for *,(298 K) differ by a factor 
of 1.7. The only reported study of the kinetics of reaction 2 n 
covered a limited range of temperature and pressure and was 
carried out under conditions where a significant fraction of 10 
removal was due to heterogeneous reaction on the reactor walls 
and to the 10 self-reaction. Hence, additional studies of the 
kinetics of reactions 1 and 2 are needed. 

We have employed a laser flash photolysis-long path absorption 
technique to investigate the kinetics of reactions 1 and 2 as a 
function of temperature and pressure. Our results are reported 
in this paper. 

Experimental Section 

The kinetics of reactions 1 and 2 were investigated by moni- 
toring the temporal profile of 10 following 351-nm laser flash 
photolysis of I 2 /N0 2 /N0/N 2 mixtures. The laser flash photo- 
lysis-long path absorption apparatus was similar to one we em- 
ployed recently to investigate the reactions of F and Cl atoms with 
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HN0 3 . 16 A schematic of the apparatus and descriptions of the 
reaction cell and temperature measurement techniques can be 
found elsewhere. 16 The major apparatus modification required 
for the present study was replacement of the CW tunable dye laser 
used for N0 3 detection 16 with a broad-band 10 probe. An Osram 
XB01 50W/S 150-W xenon arc lamp was employed as the probe 
light source. The lamp was housed in a PTI A 100 housing and 
powered by a PTI LPS200X power supply. 

The XeF laser (Lambda Physik EMG 200) photolysis beam 
was expanded by means of cylindrical lenses to be 12 cm wide 
and 2 cm high as it traversed the reactor. The xenon arc lamp 
beam was multipassed trough the reactor at right angles to the 
photolysis beam by using modified While cell optics; 17 42-62 passes 
were employed, giving absorption path lengths in the range 
500-750 cm. Output radiation from the multipass cell was focused 
onto the entrance slit of a 0.22-m monochromator (SPEX 1681) 
adjusted to transmit radiation at 427 nm, the peak of the strong, 
diffuse (due to excited-state predissociation) 4-0 band of the 10 
A 2 n — X 2 D system. 11,19 Reflective losses in the multipass system 
were minimized by using White cell mirrors coated for high 
reflectivity around 427 nm (Virgo Optics, HR-427-0) and reaction 
cell windows coated for maximum transmission around 427 nm 
(Virgo Optics, M-2-427-0). As a trade-off between light 
throughput and resolution, the monochromator slit widths were 
set at 200 (resolution 0.72 nm fwhm). Radiation exiting the 
monochromator was detected by a photomultiplier (Hamamatsu 
R928), the time-dependent output from which was monitored by 
a signal averager with I.5-ms time resolution and 10-bit voltage 
resolution (Nicolet 370). The results of 32-512 laser shots were 
averaged to obtain data with suitable signal-to-noise ratio for 
quantitative kinetic analysis. Digitized voltage versus time data 
were transferred to a small computer (Beltron Turbo/XT) for 
storage and analysis. 

In order to avoid accumulation of reaction or photolysis 
products, all experiments were carried out under “slow flow* 
conditions. The linear flow rate through the reaction cell was 
typically 2 cm s" 1 , and the excimer laser repetition rate was 0.15 
Hz. Hence, the gas mixture in the photolysis zone was replenished 
between laser shots. NO and N0 2 were flowed into the reaction 
cell from 12-L bulbs containing dilute mixtures in nitrogen (NO) 
or zero grade air (N0 2 ). Preparation of the N0 2 bulb with air 
as the diluent gas prevented conversion of N0 2 to NO during 
storage. An I 2 /N 2 flow was generated by passing N 2 through a 
tube containing iodine crystals. To prevent condensation of 10, 
species on the antireflection coated reaction cell windows, a 
four-port gas input/output system was employed. 16 The NO 
mixture, N0 2 mixture, and 85-90% of the N 2 buffer gas entered 
the reactor through an outer port while the I 2 /N 2 mixture entered 
through the corresponding inner port. The remaining 10-15% 
of the N 2 buffer gas entered the reactor through the opposite outer 
port. The concentrations of each component in the reaction 
mixture were determined from measurements of the appropriate 
mass flow rates and the total pressure. In addition, the concen- 
trations of N0 2 and I 2 were measured in situ in the slow flow 
system by UV-vis photometry using separate absorption cells 
plumbed in series with the reaction cell. The three closely spaced 
mercury lines around 366 nm were employed for N0 2 detection. 
With the combination of an Hg pen-ray lamp light source and 
the band-pass filter employed to isolate the 366-nm lines, the 
effective N0 2 absorption cross section is known to be 5.75 x 10~ lf 
cm 2 . 20 Determination of the I 2 concentration was accomplished 
using 488-nm radiation from an argon ion laser as the light source 
and correcting the measured absorbance for the N0 2 contribution. 
Absorption cross sections for I 2 and N0 2 at 488 nm were taken 
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to be 1.64 x IO" 1121 and 2.68 x IO” 19 cm 2 , 22 respectively. The 
fraction of NO in the NO/N 2 bulb was checked at the end of each 
set of experiments by diluting the bulb with 0 2 , allowing sufficient 
time for quantitative conversion of NO to N0 2 , and then 
measuring the N0 2 photometrically. 

The gases used in this study were obtained from Matheson and 
had the following stated minimum purities: N 2 , 99.999%; 0 2 , 
99.99%, NO, 99.0%. Air was ultra zero grade with total hy- 
drocarbons less than 0.1 ppm. N 2 , 0 2 , and air were used as 
supplied. Purification of NO involved passage over ascarite and 
degassing at 77 K. N0 2 was prepared by mixing 1 part NO with 
3 parts 0 2 at a total pressure of 1000 Torr and allowing the 
mixture to react overnight. The resulting N0 2 /0 2 mixture was 
pumped through a liquid nitrogen trap where the N0 2 was frozen 
out and the 0 2 pumped away. The lack of any blue color in the 
trapped white solid indicated complete conversion of NO to N0 2 . 
Iodine crystals were obtained from Aldrich and had a stated 
minimum purity of 99.999%; they were used without further 
purification. Iodine was admitted to the reactor by diverting a 
small fraction of the main buffer gas flow through a flow meter 
and needle valve, then through the tube containing I 2 crystals, 
and finally into the reactor. An ice-water bath was employed 
to keep the I 2 crystals at a constant temperature of 273 K, thus 
avoiding drifts in the I 2 concentration during the course of ex- 
periments. 

Results and Discussion 

The following scheme was employed to generate IO radicals: 


N0 2 + hv (351 nm) — NO + O (4) 

O + 1 2 IO + I (5a) 

— IO* + I (5b) 

O + NO : — NO 0 2 (6) 

IO* 4- M — IO + M (7) 


In the above reaction scheme, IO* represents vibrationally excited 
IO; our detection method is not sensitive to IO*. In preliminary 
experiments, a mixture containing 1 x IO 15 N0 2 cm -3 , 1 X IO 15 
I 2 cm” 3 , and 20 Torr of N 2 was photolyzed and the appearance 
rate of 427-nm absorption was observed. Based on the literature 
value for k 5 , u an IO risetime of about 7 ns was expected; the 
observed risetime was about 30 ns. However, the IO appearance 
rate increased with increasing pressure, suggesting that reaction 
7 was the rate-limiting 10 production step. In all experiments 
used to determine A, and k 2 , the IO appearance rate was at least 
a factor of 5 faster than the IO decay rate. Reaction 5 is known 
to be 14 times faster than reaction 6, 14 * 23 so it was not difficult 
to establish experimental conditions where most photolytically 
generated oxygen atoms reacted with I 2 rather than with N0 2 . 

For the optical path lengths (13-20 m) traversed by the probe 
beam through the reaction cell and the N0 2 concentrations em- 
ployed (up to 3.05 X IO* 5 molecules cm” 3 ), a large fraction of the 
probe radiation was absorbed by NC^ Hence, destruction of N0 2 
by reactions 4 and 6 led to a noticeable difference between the 
(base line) signal levels before and after the laser fired in ex- 
periments where N0 2 was photolyzed in the absence of I 2 . In 
the presence of I h the magnitude of the rapid base-line shift upon 
firing the laser was reduced somewhat due to the occurrence of 
reaction 5 in competition with reaction 6. However, the IO 
generated by reaction 5 decayed via processes that either generated 
N0 2 (IO 4* NO) or converted N0 2 to I0N0 2 , a species whose 
absorption cross section at 427 nm is not known. Sander and 
Watson 24 have shown that if an elementary reaction results in an 
absorbance change due to removal of an absorbing excess reagent 


(21) Tellinghuisen, J. J. Chem Phys. 1973, 58, 2821. 

(22) Schneider, W.; Moongai, G. K.; Tyndall, G. S.; Buitowi, J. P. J. 
Phoiochem Photobiol . , A 19S7, 40, 195. 

(23) DcMore, W B., Molina, M. J.; Sander, S. P.; Golden, D. M.; 
Hampson, R F.; Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R. Chemical 
Kineiics and Photochemical Data for Use in Stratospheric Modeling. Eval- 
uation No. 8, JPL Publication No. 87-41, 1987. 

(24) Sander, S. P.; Wataon, R. T. J. Pkys. Chem 19*4. 84, 1664. 
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and/or formation of an absorbing product, the correct decay rate 
is obtained from the first-order decay of the overall absorbance 
by using the signal level at r -+ ® as the base line. All of our 
kinetic data were analyzed in this manner. The only potential 
complication due to absorption of probe radiation by species other 
then IO which may have caused a problem in our kinetic analysis 
is the reaction of iodine atoms generated via reaction 5 with N0 2 , 
i.e. 

I 4* N0 2 + M- IN0 2 4- M (8) 

The kinetics of reaction 8 have been characterized 25 - 26 and an IN0 2 
absorption spectrum has been searched for unsuccessfully, 25 leading 
van den Bergh and Troe 25 to conclude that e(IN0 2 ) < <r(N0 2 ) 
over the wavelength range 250-600 nm; their results suggest that 
absorption by IN0 2 had a negligible effect on our experiments. 
We did notice, however, that the difference between the base line 
before the laser fired and the base line after IO had decayed away 
was typically smaller than predicted based on calculation of the 
amount of N0 2 destroyed. Apparently, I0N0 2 has a significant 
absorption cross section at 427 nm. 

To ensure that we were detecting the IO radical, the spectrum 
of the absorbing species was mapped out over. the wavelength range 
transmitted through the White cell (414-446 nm). The 5-0, 4-0, 
3-0, and 2-0 bands of IO 11,19 were observed; no transient ab- 
sorption was observed at wavelengths between the 10 bands al- 
though, as discussed above, small base-line shifts do occur due 
to N0 2 removal and (probably) due to ION0 2 formation. The 
apparent IO absorption cross section at the peak of the 4-0 band 
was estimated based on the measured laser fluence, the measured 
N0 2 and I 2 concentrations, and the known rate coefficients for 
reactions 5 and 6. 103 A cross section of (1.8 ± 0.3) X IO" 17 cm 2 
was obtained. At high resolution, the peak absorption cross section 
for the 4-0 band is 3.1 X 10” 17 cm 2 . 12 - 27 Our measured cross 
section is in the range expected based on the knowTi high-resolution 
cross section, the known bandwidth, 27 and our monochromator 
resolution of 0.72 nm. 

Results obtained for reactions 1 and 2 are discussed separately 
below. 

The 10 + WO Reaction. Reaction mixtures employed to study 
reaction 1 contained 35 mTorT of N0 2 , 0-14 mTorr of NO, 30-63 
mTorr of I 2 , and 40-200 Toir of N 2 buffer gas. As mentioned 
above, a small amount of 0 2 (typically about 0.5 Torr) was also 
present in the reaction mixture because the N0 2 storage bulb 
contained air rather than N 2 as the diluent gas. Concentrations 
of IO radicals generated via reactions 4-7 were in the range 
(1.7-4. 3) x 10 12 molecules cm” 3 . In nearly all experiments, IO 
removal was dominated by reactions 1 and 2, so the data could 
be analyzed assuming pseudo-first-order kinetics: 

in l[10J,/[IO],| * In [In (S,/S r )/ln (S,/S r )] 

«(*,[N0] + A 2 [N0 2 ] + (I) 

In eq I, / 'represents a time shortly after the laser fired when IO 
production was complete but little or not IO decay had occurred, 
/"represents a time after IO removal had gone to completion but 
before N0 2 , IN0 2 , and ION0 2 destroyed or produced as a result 
of the laser flash diffused or flowed out of the detection volume, 
S, represents the signal level at time /, and k 9 represents the 
first-order rate coefficient for the process 
IO — * loss by reaction with background impurities and 

diffusion out of the detection zone (9) 

Under the conditions of our experiments * 2 [NOJ » A* The only 
significant interference in the study of reaction 1 was from the 
fast reaction 

IO 4- IO — * products (10) 

Ajo * 1.7 X 10” 12 exp(1020/7") cm 3 molecule* 1 s” 1 12 


(25) van den Ber|h. H.; Troe, J. J. Chem Phys 1975, 64, 736 

(26) van den Bcrfh, H., Benoil-Guyot, N.; Troe, J 1m. J. Chem Kinet. 
1977, 9, 223. 

(27) Stickel. R. E.; Hynes, A. J.; Bradshaw, J. D.; Chameides, W. L.; 
Davu, D D J Phys. Chem ]9*S. 92, 1862 
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Figure 1. Typical 10 temporal profiles observed in the study of the 10 
■f NO reaction. Experimental conditions: T * 273 K; P m 40 Toir of 
N 2 ; electronic time constant ■ 16 ms; absorption path length — 552 cm; 
[1 2 ] * 1.2 X 10 15 molecules cm" 3 ; [N0 2 ] * 9.5 X IO 14 molecules cm" 3 ; 
[NO] in units of 10' 4 molecules cm" 3 • (a) 0.028, (b) 1.30, (c) 2.47, and 
(d) 4.80. Number of laser shots averaged ■ (a) 128, (b) 320, (c) 384, 
and (d) 320. Solid lines are obtained from linear least-squares analyses 
and give the following pseudo-first-order decay rates (units are s" 1 ): (a) 
992, (b) 3900, (c) 6610, (d) 1 1 800. For the sake of clarity, temporal 
profiles are shifted on the absorbance scale; peak percent absorption was 
(a) 2.7, (b) 2.0, (c) 1.8, and (d) 1.7. 

While the contribution of reaction 10 was negligible in most 
experiments, it was significant at short times after the laser flash 
in experiments where NO levels were low. Temporal profiles 
measured under such conditions were corrected for the contribution 
from reaction 10 as follows: The experimental temporal profile 
was analyzed under the (incorrect) assumption that the decay was 
exponential to obtain a best-fit first-order decay rate, k'^ p . The 
temporal profile was also simulated by numerical integration of 
the rate equations assuming that the only important IO loss 
processes were reactions 1, 2, and 10; the simulations employed 
our preliminary values for k, and k 2 along with the literature value 
for i l0 . A best-fit first-order decay rate, k'^, was obtained by 
analyzing the simulated temporal profile over the same time 
interval as was employed to obtain p . The “real" first-order 
decay rate, k\ was then obtained from the relationship 

(II) 

where k ' 0j , m is the simulated first-order decay rate with k ]0 set 
equal to zero. Flash-generated NO also contributed to IO removal 
in experiments where the reaction mixture initially contained no 
NO or relatively small concentrations of NO. The concentration 
of flash-generated NO, [NO] f , was estimated from the relationship 

[NOJr - [IO], + 2MN<U/<* s [Iil + *i[NOJ) (III) 

and was added to the preflash NO concentration to determine 
the appropriate NO level for kinetic analysis. It should be noted 
that the effects of reaction 10 and flash-generated NO on our 
determinations of k } (T) are very small — values of k,(T) obtained 
by using corrected decay rates and NO concentrations differ by 
less than 2% from values obtained when the above corrections are 
ignored. 

To measure k,(7"), pseudo-first-order IO decay rates were 
measured as a function of [NO] at constant [N0 2 ]. Typical 
results are shown in Figures 1 and 2. As predicted by eq I, 
observed IO decays were exponential and plots of k' versus [NO] 
were linear, the desired bimolecular rate coefficients, k,(T), were 
obtained from the slopes of the it'versus [NO] plots. Measured 
rate coefficients are given along with other pertinent information 
in Table I. Uncertainties given in Table I for k,(f) values are 
2 a and represent precision only. Taking into account possible 



[NO] (10 M motocutaa p«r cm3) 

Figvrt 2. Plots of k' versus [NO] for data obtained at Jbe temperature 
extremes of the IO ♦ NO study. Solid lines are qbtained from linear 
least-squares analyses and give the rate coefficients shown in the figure 
(uniu are cm 3 molecule" 1 s" 1 ). 

TABLE I: Ki»etic Data for the Reaction IO + NO I + N0 2 


concentration, 10 1 2 jqii^ *^3 

molecules cm' 1 molecule" 1 


r, k 

P , Torr 

h 

no 2 

10, 

NO 

k ', s" 1 

s" 1 

242 

40 

900 

1130 

2.1 

2.2 

1480* 






1.9 

35.3 

2210 






1.7 

74.6 

3440 






1.8 

108 

4250 






1.8 

150 

5330 

2.64 ± 0.15 

273 

40 

1200 

950 

2.8 

2.9 

967* 






2.1 

130 

3900 






1.9 

247 

6610 






1.7 

372 

8400 






1.7 

480 

11800 

2.19 ± 0.25 

298 

40 

1100 

940 

3.4 

3.6 

748* 






2.3 

59.0 

1960 






2.5 

106 

2820 






2.3 

189 

5130 






2.3 

280 

6580 

2.17 ± 0.22 

298 

200 

1500 

1050 

4.3 

4.5 

1780* 






4.1 

112 

3830 






4.1 

213 

6160 






3.4 

309 

8530 






3.4 

407 

10400 

2.19 ± 0.12 

328 

40 

900 

1020 

3.1 

3.4 

496* 






3.0 

83.6 

1530 






2.9 

127 

2760 






2.5 

209 

4930 






2.5 

313 

6010 

1.91 ± 0.38 

359 

40 

1700 

1100 

3.2 

3.3 

475* 






2.7 

98.8 

2290 






2.6 

193 

3770 






2.3 

291 

5220 






2.0 

383 

7000 

1.68 ± 0.09 

•Errors art 2e and represent precision only. 

* Corrected downward 


by £2.7% to account for contribution from the IO 4* IO reaction. 

systematic errors (primarily in the determination of the NO 
concentration), we estimate the absolute uncertainty in any 
measured k^T) to be ±20% exoept at 328 K where unusually poor 
precision limits the absolute accuracy to ±25%. 

Our results demonstrate that k,( 298 K) is independent of 
pressure over the range 40-200 Torr and that kj(7") increases with 
decreasing temperature. An Arrhenius plot for reaction I is shown 
in Figure 3. A weighted linear least-squares analysis of the In 
versus 7^ data gives the Arrhenius expression 

*i (D ■ 

(6.9 ± 1.7) X 10" 12 exp[(328 ± 71)/7] cm 3 molecule" 1 s’ 1 
where uncertainties are 2a and represent precision only. 
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350 300 250 



K)00/T(K) 

Figure 3. Arrhenius plot for the reaction 10 + NO — 1 + N0 2 . Filled 
circles are our data at P ■ 40 Torr, and open circle is our data at P « 
200 Torr. The solid line is obtained from a weighted linear least-squares 
analysis and gives the Arrhenius expression shown in the figure (units 
art cm 3 molecule'* s'*). 

The kinetics of reaction 1 have been studied previously only 
at 298 K. For the sake of comparison, the two previous deter- 
minations of A: ,(298 K) are plotted along with our data in Ftgurc 
3. Ray and Watson 14 employed the discharge flow-mass spec- 
trometry technique to study reaction 1 using the O + I 2 reaction 
as the 10 source; they obtained the result Ac, (298 K) * (1.67 ± 
0. 16) x 10" n cm 3 molecule" 1 s" 1 . Inoue et al., 15 as part of a study 
which reported the first observation of 10 laser-induced 
fluorescence, used a laser flash photolysis-pulsed laser induced 
fluorescence technique to study reaction 1 using the 0( , D) + HI 
reaction as the 10 source; these investigators obtained the result 
*,(298 K) « (2.8 ± 0.2) X 10" 11 cm 3 molecule" 1 s" 1 . The value 
for * 2 (298 K) determined in this study is intermediate between 
those reported previously. The small negative activation energy 
observed for reaction 1 (Figure 3) is consistent with the tem- 
perature dependence observed previously for the CIO + NO 21 - 29 
and BrO + NO 3031 reactions and is typical of radical-radical 
reactions that proceed on a potential energy surface with a 
minimum along the reaction coordinate (corresponding in this case 
to 10N0 which, to our knowledge, has never been observed but 
should be a bound species). 

The 10 + S0 2 Reaction. Reaction mixtures employed to study 
reaction 2 contained 22-68 mTon of I* 6-94 mTorr of NO> and 
40-750 Torr of N 2 buffer gas. As mentioned above, a small 
amount of 0 2 was also present in the reaction mixture because 
the N0 2 storage bulb contained air rather than N 2 as the diluent 
gas; typically [0 2 ] ~ 10[NO 2 ]. Concentrations of 10 radicals 
generated via reactions 4-7 were in the range (0.6-5.0) X 10 12 
molecules cm" 3 . The method of data analysis was similar to that 
described above for the 10 + NO reaction except, in the case of 
reaction 2, all measured 10 temporal profiles were corrected for 
contributions from 10 reaction with itself (usually very minor) 
and with flash-generated NO. The magnitude of the required 
corrections increased with increasing laser fluence. For a constant 
laser fluence, the corrections were largest at low pressure since 
the 10 4- N0 2 reaction rate is pressure dependent while the 10 
4- NO reaction rate is pressure independent. A typical 10 tem- 
poral profile observed in 40 Torr of N 2 at 298 K is shown in Figure 
4 while uncorrected and corrected *' versus [NOJ plots for the 
40 Torr (N 2 ), 298 K data are shown in Figure 5. At 254 K, the 
low-temperature extreme of our study, a small fraction of N0 2 
was tied up as N 2 0 4 ([N0 2 ] £ 37[N 2 0 4 ] in all experiments). 


(28) Leu. M T.; DcMort, W. B J. Phys. Chem 1*71, 82, 2049 

(29) Let, Y.«P.; Stimpflc, R. M.; Percy, R. A.; Mucha, J. A.; Evenson, K. 
M.; Jennings, D A.; Howird. C. J. Im J. Chem Kinet. 1*52, 14, 711. 

(30) Leu. M. T. Chem. Phys. Leu 1*7*. 61, 275. 

(31) Wtuon, R. T.; Sender, S. P.; Yung, Y. L. J. Phys Chem 1*7*, 83, 
2936. 
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Figure 4. Typical 10 temporal profile observed in the study of the 10 
-»* NO} reaction at P - 40 Torr and T - 298 K. [NOJ - 1.59 x 10> 5 
molecules cm' 5 ; [I J * 1.6 X 10 1J molecules cm" 3 ; electronic time constant 
» J 6 pa; absorption path length — 552 cm; 256 laser shots averaged. 
Note that the base Line after 10 decay is higher than the pretrigger base 
line by 0.000 73 V, the equivalent of 0.13% absorption. The inset is a 
plot of In (absorbance) versus time for the same data with absorbances 
calculated by using the base line obtained after 10 decayed away. The 
solid line in the inset is obtained from a linear least-squares analysis and 
gives the decay rate k’ * 1 100 s"*. The dashed line in the inset is the 
decay rate corrected for 10 reaction with itself and with flash -genera ted 
NO (k^ - 950 s" 1 ). 



Figwt 5. Plot of *' versus [NOJ for dau obtained at 298 K in 40 Torr 
of N 2 . Open circles are uncorrected for 10 reaction with itself and with 
flash-generated NO while filled circles art corrected for these processes. 
Solid and dashed lines are obtained from linear least-squares analyses 
and give the rate coefficients shown in the figure (units are cm 3 mole- 
cule" 1 a" 1 ). 


Kinetic analyses employed the reasonable assumption that N 2 0 4 
is much less reactive toward 10 than N0 2 is. 

Measured bimolecular rate coefficients * 2 ([M],7") are sum- 
marized along with other pertinent information in Table II. 
Uncertainties given in Table II for *j(lM],7") values are 2 a and 
represent precision only. Small systematic errors are possible in 
the N0 2 concentration determination and due to the assumption 
that absorption of 427-nm radiation by IN0 2 had a totally neg- 
ligible effect on the * 2 ([M],7") determinations. We estimate the 
accuracy of any measured * 2 ([M],D to be ±20%. 

Our results demonstrate that reaction 2 is in the “faUofT regime 
between third- and second-order kinetics over the temperature 
and pressure ranges investigated. Troe and co-workers 32 " 35 have 


(32) Luther, K.; Troe, J. Symp {Im.) Combust., [Proc. J 1*75, 17, 535. 
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TABLE II: Summary of Kioetic Diti for the Reactioo 10 ♦ NOa + N a — 10N0, + N, 


concentration* range of *', s’ 1 10 l3 * 2 ,'cm 3 molecule* 1 s’* 


T . K 

no. of expts^ 

N, 

u 

NOj 

[NO,l/[0], 

uncorrected 

corrected f 

uncorrected 

corrected'' 

254 

7 

3 240 

0.8 

0.23-1.54 

290-880 

406-2700 

370-2530 

17.1 ± 0.7 

16.5 ± 0 6 

254 

4 

19400 

0.8 

0.50-1.64 

310 

2230-6900 

2110-6660 

40.5 ± 3.6 

39.3 ± 3.4 

275 

6 

3 240 

1.3 

0.52-2.51 

280-1200 

782-3840 

688-3460 

15.2 ± 0.8 

14.2 ± 0.8 

275 

4 

19400 

1.3 

0.58-2.15 

310 

2060-8050 

1980-7780 

37.5 ± 2.8 

36 3 ± 2.7 

298 

5 

1 300 

1.6 

0.29-2.11 

340 

250-1470 

192-1300 

6.67 ± 0.25 

6.09 ± 0.22 

298 

5 

3 240 

1.8 

0.35-2.21 

410 

454-2620 

392-2440 

11.6 ± 0.7 

11.0 ± 0.7 

298 

6 

6480 

2.0 

0.35-2.15 

410-560 

719-4110 

681-3940 

18.6 ± 0.7 

18.1 ± 0.7 

298 

7 

13000 

2.0 

0.26-3.05 

260-340 

692-8080 

651-7740 

25.8 ± 0.5 

25.0 ± 0.5 

298 

7 

19400 

1.3 

0.30-2.50 

320-1000 

921-8860 

883-8580 

35.1 ± 2.3 

34.1 ± 2.2 

298 

5 

24 300 

0.7 

0.35-1.89 

390 

1170-6910 

1140-6770 

37.1 ± 1.0 

36.4 ± 0.9 

320 

4 

3 240 

1.0 

0.52-1.84 

440 

570-1580 

456-1470 

8.21 ±0.32 

7.74 ± 0.30 

320 

4 

19400 

0.6 

0.40-1.60 

250 

963-3700 

901-3540 

22.6 ± 2.5 

21.9 ± 2.4 

354 

4 

3 240 

1.7 

0.45-1.74 

390 

361-1180 

332-1100 

6.60 ± 0.95 

6.22 ± 0.90 

354 

4 

19400 

0.6 

0.72-2.09 

390 

1450-3980 

1400-3830 

18.3 ± 2.6 

17.7 ± 2.5 


•Experiment ■ measurement of one 10 temporal profile. 'Units are 10 15 molecules cm' 3 . 'Corrected for contributions from the 10 + 10 and 10 
+ NO reactions. 'Errors are 2e and represent precision only. 


shown that bimolecular rate coefficient versus pressure curves (i.e n 
falloff curves) for association reactions can be approximated by 
the three-parameter equation 

*([M],D - UT)F lh F([ M],D (IV) 

where F LH is the Lindeman-Hinshelwood factor 

+ A) (V) 

A'-M[M],D[M]/UD (VI) 

In the above equations, *o([M],7") is the rate coefficient in the 
low-pressure third-order limit, k m (T) is the rate coefficient in the 
high-pressure second-order limit, and F([M],T) is the parameter 
which characterizes the broadening of the falloff curve due to the 
energy dependence of the rate coefficient for decomposition of 
the energized adduct. F([M],T) can be calculated from the 
spectroscopic and thermodynamic properties of the adduct. Ex- 
amples of studies where detailed analyses of falloff behavior have 
been carried out include our study of the OH + SO^ reaction* 
and Sander et al.’s study of the BrO + N0 2 reaction/ 7 The use 
of theoretical and experimental information to evaluate falloff 
parameters for a number of atmospherically important reactions 
has been discussed by Patrick and Golden. 31 

For the relatively low temperatures employed in our study, eq 
IV can be approximated as follows: 33 

*([M],D * U7)F l „F c (7V (VII) 

y - (1 ♦ [log */(0.75 - 1.27 log F t m))V (VIII) 

where F C (T) is the value of F([M],7") at the center of the falloff 
curve, i.e., at the pressure where *o[M] ■ As pointed out by 
Jenkin and Cox 11 in the only previous study of reaction 2, accurate 
determination of F c (7) is not possible due to a lack of spectroscopic 
and thermodynamic data for 10N0 2 . Furthermore, for a 
three-parameter expression like eq VII, good fits to experimental 
data can be obtained for a wide range of parameter values. For 
the above reasons, Jenkin and Cox 11 adopted a value of 0.4 for 
F 0 based on the detailed analysis of Sander et al. r for the related 
BrO + NOj reaction. Use of F e (298 K) ■ 0.4 in our calculations 
seems physically reasonable and facilitates comparison of derived 
falloff parameters with those reported by Jenkin and Cox. n 
Theoretically, F c ( T) is expected to increase with decreasing tem- 


(33) Troc, J. J Phys. Chem. 1979, 83, 114. 

(34) Troe. J Ber Bunsen-Ges. Phys. Chem. 1983. 87, 161. 

(35) Gilbert, R G.; Luther. K.; Tree, J Ber BunsemGes Phys Chem 
1983, 87, 169. 

(36) Wine, P. H.; ThompKxt, R. J.; Rivuhtnkin, A. R.; Semmes, D H.; 
Gump, C. A.; Torabi. A.; Nicorich. J. M. J. Phys Chem 1984. 88. 2095. 

(37) Sander. S P.; R«y, G. W.; W*uon, R. T. J. Phys Chem. 1981, 83, 
199 

(38) Patrick, R.; Golden. D M. Ini. J. Chem finer. 1983, 13, 1189 


TABLE III: Comperisot of Measured 10 + N0 2 & N 2 Rate 

Coefficients with Those Obtained fro«i “Best Fit" Falloff Parameters 


T, K 

molecules 

cm' 3 

10%. 

cm 3 molecule' 1 s"' 


exptl* 

A* 

B* 

C* 

254 

3.24 

16.5 ± 0.6 

18.0 

18 9 

17.8 

254 

19.4 

39.3 ± 3.4 

42.6 

47.7 

43.0 

275 

3.24 

14.2 ± 0.8 

14.9 

15.0 

14.2 

275 

19.4 

36.3 ± 2.7 

37.7 

39.5 

35.8 

298 

1.30 

6.09 ± 0.22 

5.91 

5.91 

5.95 

298 

3.24 

11.0 ± 0.7 

11.6 

11.6 

11.1 

298 

6.48 

18.1 ± 0.7 

17.9 

17.9 

16.7 

298 

13.0 

25.0 ± 0.5 

26 3 

26.3 

240 

298 

194 

34.1 ± 2.2 

32.4 

32.4 

29.3 

298 

24.3 

36 4 ± 0 9 

36.3 

36.3 

32.7 

320 

3.24 

7.74 ± 0.30 

8 77 

9.08 

8.80 

320 

194 

21.9 ± 2.4 

27.8 

27.1 

24.5 

354 

3.24 

6.22 ± 0.90 

5.45 

6.25 

6.12 

354 

194 

17.7 ± 2.5 

21.1 

20.8 

18 8 


•Errors are 2<x and represent precision only. *F C assumed to be 0.4 
independent of temperature (sec text for rationale). A: *<>(298 K) and 
A. (298 K) obtained by fitting 298 K data only; n and m obtained by 
fitting data at T - 298 K. Results: *<, ■ 7.3 x l(T 3, (r/300)-‘- 5 cm* 
molecule" 2 s" 1 ; k m ■ 1.78 x 1 0" 1 *( T/300)*^ 2 - 5 cm 3 molecule" 1 s* 1 . B: 
*o( 298 K) and *.(298 K) obtained by fitting 298 K data only; n ob- 
tained by fitting data at T * 29 8 K with m fixed at 0 Results: *© ■ 
7.3 x KT 3, (r/300)" 4# cm* molecule" 2 s" 1 ; k m ■ 1.78 x 10" 11 cm 3 mol- 
ecule" 1 s" 1 . C: *<>(300 K), *„ and n obtained by fitting all data with m 
fixed at 0. Results *<,*8 1 x 1 0" 3, ( 7“/300)" 5 1 cm* molecule" 2 s’ 1 ; *. 
* 1.31 x KF" cm 3 molecule" 1 s" 1 . 

pcraturc.* However, the temperature dependence of F C (T) is 
relatively weak and is usually ignored when parametrizing the 
temperature and pressure dependences of atmospheric association 
reactions. 23 * 31 - 3 ’ Hence, we take F C (D for reaction 2 to be 0.4 
independent of temperature. In keeping with the usual repre- 
sentation, 23J,J9 the temperature dependences of *<> and *. are 
parametrized as follows: 

*o(D - *o(300 K)(7/300r (IX) 

*.(D - *.(300 K)(7/300)- (X) 

Values for *<>(300 K), *.(300 K), n, and m obtained from 
various fits of our data to eq VII are summarized in Table III 
while values for * 2 ([M),298 K) measured in this study are plotted 
in Figure 6. The best fit of our 298 K data only to eq VII gives 
the results *o(298 K) * 7.6 x 10" 31 cm 6 molecule' 2 s' 1 and *.(298 
K) * 1.78 x KT 11 cm 3 molecule’ 1 s’ 1 . The falloff curve calculated 
from these parameters is shown in Figure 6 as is the “currently 
recommended* 39 falloff curve. The current recommendation, 
*o(298 K) * 3.5 X IQ" 31 cm 6 molecule’ 2 s' 1 and *. • 1.6 x KT 11 


(39) Atkinson, R.; Beulch. D. L.; Cox. R. A.; Hsmpson, Jr., R. F., Ken, 
J. A.; Troe, J. J. Phys Chem Ref Data 1989. 18. 881 
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Pro**urt (Torr) 

Figure 6 Comparison of our experimental 298 K falloff curve for the 
10 + N0 2 reaction with the current recommendation of the IUPAC 
panel 39 which is based on the 277 K study by Jenkin and Cox 11 and 
assumed temperature dependences for * 0 and k m . Solid circles are our 
experimcnul data Solid line is best fit to the dau with F c fixed at 0.4; 
best-fit parametes are *<> • 7.6 x IO" 31 cm* molecule' 2 s' 1 and k m ■ 1.78 
X ICT n cm 3 molecule" 1 s" 1 . Dotted line is obuined from the best fit to 
all data over the temperature range 254-354 K with F t fixed at 0.4 and 
k m forced to be temperature independent; the best-fit parameters are k 0 
■ 8.4 x 10" 31 cm* molecule" 2 s' 1 and k m * 1.31 x 10" n cm 3 molecule" 1 
s" 1 . Dashed line is the current IUPAC panel recommendation: *<, * 3.5 
x 10" 31 cm* molecule" 2 s" 1 and *. ■ 1.6 x 10" M cm 3 molecule" 1 s" 1 . 

cm 3 molecule" 1 s" 1 . is based on the values for * 2 ([M],277 K) 
reported by Jenkin and Cox 11 and the assumed temperature de- 
pendence parameters n * 3 and m = 0. When * 0 ( 298 K) and 
*.(298 K) were fixed at the values obtained by fitting the 298 
K data only and data at T * 298 K were used to obtain n and 
m. a negative value for m gave the best fit. Since it does not seem 
physically realistic for *. to increase with increasing temperature, 
this result is probably indicative of a small systematic error in 
the temperature dependence data. As an alternative fitting 
procedure, we fixed m at zero and varied only n\ the result was 
n * 4.9. Finally, we fit the entire set of dau with m fixed at zero 
to obtain values for * o (3O0 K), *., and n\ the results were *<>(300 
K) * 8.1 x 10" 31 cm 6 molecule" 2 s"\ *. * 1.31 x 10" n cm 3 
molecule" 1 s" 1 , and n * 5.1. For comparison, the falloff curve 
obuined by fixing m at zero and varying * 0 (300 K), *., and n 
independently is shown in Figure 6 along with the curve obuined 
as the best fit to the 298 K dau only. Rate coefficients calculated 
by using all sets of falloff parameters are compared with exper- 
imental results in Table III. 

As a good, physically reasonable represenution of our dau, 
we take the average of the two fits with m fixed at zero, i.e., B 
and C in Table III, and report the following falloff parameters 
for reaction 2: 

*o « 7.7 x 10- 3, (r/300r 5 -° cm* molecule" 2 s" 1 
*. ■ 1.55 x I O'” cm 3 molecule" 1 a" 1 
F c « 0.4 

The above values for *<> and *. should not be considered true k)w- 
and high-pressure-limit rate coefficients. They are physically 
reasonable values which can be used to reproduce our measured 
values for * 2 ([M],7") rather well (Table III). Over the ranges 
of temperature and pressure employed in our experiments, reaction 
2 was rather far removed from both the low- and high-pressure 
limits; hence, uncertainties in both * 0 and *. are substantial. 
Variation of F c has a rather small effect on the best-fit * 0 but 
dramatically changes the best-fit *.. For this reason, we feel that 
our reported value for *o(N 2 ,298 K) probably is within ±25% of 
the true value while our reported value for *.(298 K) may deviate 
from the true value by as much as a factor of 2. Uncertainties 


Daykin and Wine 

increase at temperatures far removed from 298 K. 

The temperature dependence for *<> derived from our data is 
rather large. The current NASA panel evaluation, 23 for example, 
considers 36 association reactions of atmospheric importance (but 
no IO reactions); recommended values for n range from 0 to 4.3. 
Two points should be made regarding the value n ** 5 obtained 
in this study. First, no dau were obuined at pressures close to 
the low-pressure limit, so the uncertainties in derived values for 
*o(300 K) and n are significant. Second, IO may be a species 
which exhibits large temperature coefficients for association re- 
actions. For example, the association channel for the IO self- 
reaction is known to have an unusually large negative activation 
energy. 12 

As can be seen from examination of Figure 6, the rate coef- 
ficients * 2 ([M],7") reported in this study are about a factor of 2 
faster than those reported previously by Jenkin and Cox, 11 who 
employed a molecular modulation technique to study reaction 2 
over the pressure ranges 35-404 Torr at 277 K and 24-101 Torr 
at 303 K. The study of Jenkin and Cox had two problems which 
may have resulted in inaccurate values for k 2 ([M],T). Firstly, 
even at the highest N0 2 levels employed, extrapolated background 
IO removal rates (presumably due to heterogeneous processes) 
were about as fast as the apparent rate of IO removal by N0 2 . 
Secondly, a second-order component was observed in their IO 
decays which increased markedly in importance with increasing 
pressure. Jenkin and Cox attributed the second-order component 
to the IO self-reaction. The recent study of the IO self-reaction 
by Sander 12 found a much smaller pressure-dependent component 
and much larger pressure-independent component to * I0 than 
reported by Jenkin and Cox. n Thus, the procedure used by Jenkin 
and Cox to extract values for * 2 ([M],7") from their observed mixed 
first- and second-order decays must be considered suspect. 

It is of interest to compare the IO + N0 2 rate coefficients 
obtained in this study with reported measurements of *u- 
([M]^ 40 " 50 and * 12 ((M),r). 37 - 31 - 52 

CIO + N0 2 + M — > C10N0 2 + M (11) 

BrO 4 N0 2 + M — Br0N0 2 + M (12) 

At 298 K, the high-pressure-limit rate coefficients are roughly 
equal for all three reactions, but the low-pressure-limit rate 
coefficients increase in the order CIO < BrO < IO. Hence, at 
atmospheric pressures * 2 > *, 2 > *,,. 

It is now generally accepted that the yields of products other 
than C10N0 2 from reaction 1 1 are negligible. 47,49 * 33 However, 
DcMore et al. 23 point out that “even though isomer formation 
seems to have been ruled out for the CIO + N0 2 reaction (i.e. 
the isomer stability is too low to make a significant contribution 
to the measured rate constant), this does not eliminate the pos- 
sibility that BrO + N0 2 leads to more than one stable compound. 
In fact, if the measured low pressure limit rate constant for BrO 
+ N0 2 is accepted, it can only be theoretically reconciled with 


(40) Zahmaer, M. S.; Chang. J. Kaufman, F. J. Chem. Fhys 1977, 67, 
997. 

(41) Birkx, J W. ; Shoemaker, B.; Leek. T. J.; Borders, R. A.; Hart, L. J. 
J. Chem. Fhys. 1977, 66, 4591. 

(42) Leu, M. T.; Lin, C. E.; DeMort, W B. J Fhys Chem 1977, 81, 190. 

(43) Knauth, H. D Ber. Bunsen-Ges. Fhys. Chem 1971, 82, 212. 

(44) Molina, M. J.; Molina, M. T.; Uiwata, T. J. Fhys Chem 1980. 84, 
3100 

(45) Cox, R. A.; Lewa, R. J. J . Chem. Soc ., Faraday Trans 1 1979. 75, 
2649 

(46) Dasch. W.; Sternberg, H.; Schindler, R. N. Ber. Bunsen-Ges. Fhys. 
Chem 1981, 85, 611. 

(47) Cox, R. A.; Burrow*, J. P.; Coker, G B Iru. J. Chem. Kinet. 19*4, 
16, 445. 

(48) Handwerk, V.; Zellner, R. Ber. Bunsen-Ges. Fhys Chem 1984, 88, 
405. 

(49) Burrows. J P ; Griffith*, D. W. T., Moongai, G K.; Tyndall. G. S. 
J. Fhys. Chem 1985. 89. 266 

(50) Wellington, T. J.; Cox, R A. J. Chem. Soe., Faraday Trans. 2 1986, 
82, 275. 

(51) Dani*, F.; Caralp, F.; Ma*anet, J.; Lesclaux, R. Chem Fhys. Lett n 
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a single isomer, Br0N0 2 , which would have a 6-7 kcal mole -1 
stronger bond than C10N0 2 ! This would fix the heat of formation 
of BrON0 2 to be the same as C10N0 2 , an unlikely possibility.” 
A similar situation exists when comparing the measured low- 
pressure limit rate coefficient for 10 + N0 2 with that for CIO 
+ N0 2 . Clearly, the thermochemistry of X0N0 2 (X * Br, 1) 
requires further investigation, as does the possible formation of 


isomers such as 0XN0 2 , XOONO, or OXONO. 
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Abstract 

A laser flash photolysis-resonance fluorescence technique has been employed to study the 
kinetics of the important stratospheric reactions C1( 2 P./) + 0 3 — >C10 + 0 2 and Br( 2 P 3 ^) + 
0 3 — • BrO + 0 2 as a function of temperature. The temperature dependence observed for the 
Cl( 2 Fj) + 0 3 reaction is nonArrhenius, but can be adequately described by the following two 
Arrhenius expressions (units are cm 3 molecule' 1 s' 1 , errors are 2a and represent precision 
only): *,(71 * (1.19 £ 0.21) x 10‘ 11 exp [(-33 £ 37)/T] for T » 189-269K and *,(71 = 
(2.49 £ 0.38) x 10" n exp{(-233 £ 46)/71 for T - 269-385 K. At temperatures below 230 K, 
the rate coefficients determined in this study are faster than any reported previously. Incor- 
poration of our values for *,(71 into stratospheric models would increase calculated CIO levels 
and decrease calculated HC1 levels; hence the calculated efficiency of CIO, catalyzed ozone 
destruction would increase The temperature dependence observed for the Br( 2 P 32 ) ♦ 
0 3 reaction is adequately described by the following Arrhenius expression (units are 
cm 3 molecule -1 s' 1 , errors are 2cr and represent precision only): * 2 (71 * (1.50 £ 0.16) x 10 -n 
exp[(-775 £ 30/71 for T « 195-392 K. While not in quantitative agreement with Arrhenius 
parameters reported in most previous studies, our results almost exactly reproduce the aver- 
age of all earlier studies and, therefore, will not affect the choice of * 2 ( 71 for use in modeling 
stratospheric BrO, chemistry. 


Catalytic cycles involving CIO, and BrO, species play an important role 
in stratospheric chemistry [1,2]. In most catalytic destruction cycles in- 
volving CIO, and BrO,, ozone is destroyed by the reactions 

(1) C1( 2 P,,) + 0 3 ► CIO + 0 2 

(2) Br ( 2 P M ) + 0 3 » BrO + 0 2 . 

Although recycling of halogen monoxide radicals back to halogen atoms is 
rate-limiting under conditions which typically exist in the stratosphere, 
quantitative characterization of the kinetics of reactions (1) and (2) is 
nonetheless important because catalytic efficiencies are influenced by the 
competition between reactions (1) and (2) and reservoir-forming reactions 
such as 

(3) C1( 2 PJ + CH 4 CH 3 + HC1 

(4) Br( 2 Pa*) + H0 2 ► 0 2 + HBr. 

In recent years, two catalytic cycles involving CIO, and BrO, species 
have been implicated in the formation of the antarctic ozone hole [3,4]: 
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(1) 

1 . 

2(C1 + 0 3 ♦ CIO + 0 2 ) 

(5) 


CIO + CIO + M — > ClOOCl 

(6) 


ClOOCl + hv » ClOO + Cl 

(7) 


ClOO + M ► Cl + 0 2 + M 



Net: 20 3 * 30 2 

(1) 

n. 

Cl + 0 3 ► CIO + 0 2 

(2) 


Br + 0 3 » BrO + 0 2 

(8) 


BrO + CIO * Br + Cl + 0 2 


Net: 20 3 *• 30 2 

In the wintertime antarctic lower stratosphere, heterogeneous reactions in 
polar stratospheric clouds (PSCs) can convert the reservoir species HC1 and 
C10N0 2 into the photolytically labile species Cl 2 and HOC1 [5,6], which 
photolyze rapidly in springtime to generate chlorine atoms. In this manner, 
high levels of CIO are produced at the expense of HC1 and C10N0 2 . Reac- 
tions on PSCs may also result in production of BrO from HBr and BrON0 2 
although, since BrO is thought to predominate over the reservoir species in 
the "normal” stratosphere [7], the effect of heterogeneous reactions on 
BrO, chemistry is expected to be much smaller than the effect on CIO 
chemistry. Under the NO, free conditions typical of the antarctic ozone 
hole, conversion of XO to X(X = Cl or Br) via reaction with NO ceases to 
occur, so reactions (5) and (8) become the principal mechanisms for cycling 
AU back to X. Hence, a photochemical steady state is established where 
the rates of reactions (1) and (2) become comparable to the rates of 
reactions (5) and (8). 

A number of kinetics studies of both reaction (1) [8-14] and reaction (2) 
[14-19] are reported in the literature. At 298 K, there is excellent agree- 
ment between the various studies, such that the estimated uncertainties in 
*,(298 K) and * 2 (298 K) are only ±15% and ±20%, respectively [20]. How- 
ever, there is considerable scatter in reported activation energies for both 
reactions, leading to substantial uncertainties in both *, and * 2 at tempera- 
tures typical of the lower stratosphere. In this article we report the results 
of temperature dependent kinetics studies of reactions (1) and (2) over the 
temperature ranges 189-385 K and 195-392 K, respectively; particular at- 
tention was focused on obtaining accurate kinetic data near the low tem- 
perature end of the ranges studied. We find that extrapolation of previously 
reported Arrhenius expressions for k 2 (T) to lower temperature predicts 
rate coefficients in reasonable agreement with our measurements. How- 
ever, the temperature dependence for *, observed in our study is quite dif- 
ferent from any reported previously. Our measured value for *,(190X1 is 
significantly faster than would be predicted based on extrapolation of earlier 
measurements of k^T). 


Experimental Technique 

The laser flash photolysis-resonance fluorescence apparatus used in this 
study was similar to one which we have employed previously in a number 
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of studies of chlorine atom kinetics (21-25) and one study of bromine atom 
kinetics (26). Important features of the apparatus are described below. 

A pyrex, jacketed reaction cell with an internal volume of 150 cm 3 was 
used in all experiments. The cell was maintained at a constant tempera- 
ture by circulating ethylene glycol or a 1:1 methanol-ethanol mixture 
from a thermostated bath through the outer jacket. A copper-constantan 
thermocouple with a stainless steel jacket could be injected into the reac- 
tion zone through a vacuum seal, thus allowing measurement of the gas 
temperature under the precise pressure and flow rate conditions of the ex- 
periment. Temperature variation within the reaction volume (i.e., the vol- 
ume from which fluorescence could be detected) was less than 1 K at both 
the high and low temperature extremes of the study. 

In most experiments halogen atoms (X) were produced by 355 nm pulsed 
laser photolysis of X 2 . Third harmonic radiation from either a Quanta Ray 
model DCR-2 or a Quantel model 481-A Nd:YAG laser provided the pho- 
tolytic light source. These lasers could deliver up to 1 x 10 17 photons per 
pulse at a repetition rate of up to 10 Hz; pulsewidths were about 6 ns. In 
some experiments chlorine atoms were produced by 193 nm pulsed laser 
photolysis of CF 2 C1 2 . A Lambda Physik model EMG-200 ArF excimer laser 
was used as the photolytic light source. The excimer laser could deliver up 
to 4 x 10 17 193 nm photons per pulse at a repetition rate of up to 10 Hz; the 
laser pulsewidth was about 15 ns. 

An atomic resonance lamp, situated perpendicular to the photolysis 
laser, excited resonance fluorescence in the photolytically produced atoms. 
The resonance lamp consisted of an electrodeless microwave discharge 
through about one torr of a flowing mixture containing a trace of X 2 in He. 
The flows of a 0.1% X 2 in He mixture and pure He into the lamp were con- 
trolled by separate needle valves, thus allowing the total pressure and X 2 
concentration to be adjusted for optimum signal-to-noise. Radiation was 
coupled out of the lamp through a magnesium fluoride window and into 
the reaction cell through a magnesium fluoride lens. Before entering the 
reaction cell the lamp output passed through a flowing gas filter. For de- 
tection of bromine atoms, the filter gas was 50 torr-cm CH« in N 2 ; this fil- 
ter prevented radiation at wavelengths shorter than 139 nm (including 
impurity emissions from excited O, H, Cl, and N atoms) from entering the 
reaction cell, but transmitted the strong Br lines in the 140-160 nm re- 
gion. For detection of chlorine atoms, the filter gas was normally 3 torr-cm 
N 2 0 in N 2 ; this filter blocked virtually all O atom impurity emissions at 
130-131 nm while transmitting the chlorine lines in the 135-140 nm 
wavelength region. In some experiments, N 2 or dry air were used as the 
chlorine lamp filter. The only chlorine atom resonance lines transmitted 
through 760 torr-cm of air are the 2 Dvzv 2 - 2 F« doublet at 118.9 nm (27). 
For both chlorine and bromine, fluorescence intensities were found to vary 
linearly with atom concentration up to levels several times higher than 
any employed in kinetics experiments ([Br] 0 s 6 x 10 11 per cm 3 and 
(Cl] 0 s 8 x 10" per cm 3 in all experiments). 

Fluorescence was collected by a magnesium fluoride lens on an axis or- 
thogonal to both the photolysis laser beam and the resonance lamp beam, 
and imaged onto the photocathode of a solar blind photomultiplier. The re- 
gion between the reaction cell and the photomultiplier was purged with 
N 2 . For detection of chlorine atoms in conjunction with N 2 0/N 2 or pure N 2 
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lamp filters, a calcium fluoride window was placed between the reaction 
cell and the photomultiplier to prevent detection of emissions at wave- 
lengths shorter than 125 nm (Lyman-® emission, for example). Signals 
were processed using photon counting techniques in conjunction with multi- 
channel scaling. For each halogen atom decay measured, signals from a 
large number of laser shots were averaged in order to obtain a well-defined 
temporal profile over (typically) three 1/e lifetimes of decay. The multi- 
channel analyzer sweep was triggered prior to the photolysis laser in order 
to allow a pre-trigger baseline to be obtained. 

In order to avoid the accumulation of photolysis or reaction products, all 
experiments were carried out under "slow flow” conditions. The linear flow 
rate through the reactor was 2-3 cm s* 1 while the laser repetition rate was 
varied over the range 1-10 Hz. Even at the highest repetition rate em- 
ployed, no volume element of the reaction mixture was subjected to more 
than a few laser shots. Cl 2 , CF 2 C1 2 , Br 2 , and 0 3 were flowed into the reac- 
tion cell from 12 liter bulbs containing dilute mixtures in nitrogen buffer 
gas. Hydrogen and nitrogen were flowed directly from their high pressure 
storage tanks. In most experiments, all components of the reaction mix- 
tures were premixed before entering the reaction cell. As a check for the 
possible occurrence of heterogeneous reactions between X 2 and 0 3 , some 
experiments were carried out in a configuration where X 2 was injected into 
the reaction cell through a 1/8 inch O.D. teflon tube positioned such that 
X 2 mixed with other components in the reaction mixture about 2 cm up- 
stream from the reaction zone. Concentrations of each component in the re- 
action mixtures were determined from measurements of the appropriate 
mass flow rates and the total pressure. The 0 3 concentration was also mea- 
sured in situ in the slow flow system by UV photometry at 253.7 nm using 
a 2-meter long absorption cell; the 0 3 absorption cross section required to 
convert measured absorbances to concentrations was taken to be 1.146 x 
10“ 17 cm 2 [28-31]. In most Cl + 0 3 experiments the absorption cell was po- 
sitioned downstream from the reaction cell. However, to check for 0 3 loss 
in the flow system, some experiments were carried out with the absorp- 
tion cell positioned upstream from the reactor. The Br + 0 3 experiments 
employed two absorption cells, one upstream and one downstream from 
the reactor. 

The stable, pure gases used in this study had the following stated mini- 
mum purities: N 2 , 99.999%; Cl 2 , 99.99%; CF 2 C1 2 , 99.0%; 0 2 , 99.99%; H 2 , 
99.999%. Nitrogen, oxygen, and hydrogen were used as supplied while 
chlorine and CF 2 C1 2 were degased repeatedly at 77 K before use. Bromine 
was Fisher ACS reagent grade with a maximum impurity level of 0.06%; it 
was transferred into a vial fitted with a high vacuum stopcock, then de- 
gased repeatedly at 77 K before use. Ozone was prepared in a commercial 
ozonator using UHP oxyen. It was collected and stored on Bilica gel at 
195 K, and degased at 77 K before use. 

Results and Discussion 

To study the kinetics of reactions (1) and (2) it is desirable to establish 
experimental conditions where the X{ 2 Pj ) temporal profile is governed en- 
tirely by the following processes: 


192 


KINETICS OF REACTIONS 


403 


(9) RX + hv ► R 4 X( 2 Pj) 

(i) X( 2 Pj) 4* 0 3 * XO 4 0 2 i = 1 or 2 

(10) X( 2 Pj) ► first order loss by diffusion from the 

detector field of view or reaction 
with background impurities 

Then, since [0 3 ] > [X( 2 Pj)], simple first-order kinetics are obeyed: 

(1) In {[X( 2 Pj)l/[X( 2 Pjm - (« OJ 4 * 10 )t = k't. 

The bimolecular rate coefficients, ^,(7*), are determined from the slopes of k' 
vs. [0 3 ] plots. Observations of X{ 2 Pj) temporal profiles which are exponen- 
tial (i.e., obey equation 1), a linear dependence of k' on [0 3 ], and invariance 
of k' to variations in laser photon fluence and RX concentration strongly 
suggests that reactions (i), (9), and (10) are the only processes which affect 
the X( 2 Pj) time history. Typical [Br( 2 Pj)] temporal profiles and k' vs. [0 3 ] 
plots for data from our study of reaction (2) are shown in Figures 1 and 2. 
Results for reactions (1) and (2) are discussed separately below. 



Figure 1. Typical halogen atom temporal profiles. Reaction: Brt 2 P M ) + 0 3 — ♦ BrO + 
0 2 Experimental conditions: T * 201 K; P * 150 torr, [Br 2 ] » 3.8 x 10 u molecules per 
cm 3 ; laser fluence • 11 mjoules per cm 2 ; [O s ] in units of 10 u molecules per cm 3 « (a) 0, 
(b) 1.04, (c) 3.29, (d) 5.43; number of laser shots averaged « (a) 64, (b) 128, (c) 926, 
(d) 1100. Solid lines are obtained from least squares analyses and give the following 
pseudo-first order decay rates in units of s' 1 : (a) 25, (b) 376, (c) 979, (d) 1700. 
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Figure 2. Typical plots of k', the pseudo-first order halogen atom decay rate, as a func- 
tion of ozone concentration. Reaction: Br( J P 17 ) + 0 3 — * BrO + Oj. For the sake of 
clarity, data points obtained with [0 3 ] » 0 are not shown. Solid lines are obtained from 
linear least squares analyses and give the following bimolecular rate coefficients in 
units of 10' u cm 3 molecule' 1 s' 1 (errors are 2<r, precision only): 195 K, 2.89 - 0.19; 
234 K, 5.41 t 0.18; 283 K, 8.64 i 0.93; 376 K, 18.1 s 1.2. 


A. The Cl + 0 3 Reaction 

Most experiments in our study of reaction (1) employed 355 nm photoly- 
sis of Cl 2 as the C1( 2 P.,) source. Ozone in its ground vibrational state is to- 
tally transparent at 355 nm [32]. The N 2 levels employed were sufficiently 
high that relaxation of atoms in the i P 1 ^ spin-orbit excited state was ex- 
pected to be much more rapid than the rate of chemical removal of Cl( 2 Pj) 
[33,34]. Hence, all measured chlorine atom temporal profiles should be 
considered as representative of the removal of an equilibrium mixture of 
C1( 2 P 32 ) and C1( 2 P 12 ). As an experimental check on the above argument, 
some experiments were carried out with CF 2 C1 2 , a species which deacti- 
vates Cl( 2 Pi,) at a gas kinetic rate [35], added to the CI 2 /0 3 /N 2 photolysis 
mixtures. Addition of 2 x 10 15 CF 2 C1 2 per cm 3 had no effect on the observed 
kinetics of reaction (1). Over the temperature range investigated (189— 
385 K), the equilibrium fraction of chlorine atoms in the 2 P W state ranges 
from 0.0012 to 0.037. 

A total of about 300 Cl( 2 Pj) temporal profiles were measured under a 
wide variety of experimental conditions. The results used to obtain values 
for Jfej (T) are summarized in Table I. All experiments were consistent with 
equation 1, i.e., all decays were exponential and, in a given set of experi- 
ments, k 1 increased linearly with increasing ozone concentration. The ob- 
served kinetics were unaffected by significant variations in laser repetition 
rate, Cl 2 concentration, the concentration of photolytically produced atoms, 
and the distance in the flow system over which Cl 2 and 0 3 were allowed to 
interact before entering the reaction zone. In preliminary experiments (not 
summarized in Table I) it was established that ozone was not lost during 
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Table I. Summary of kinetic data for the reaction Cl( 2 Pj) + 0 3 — •* CIO + 0 2 * 
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1*1 Pr«*iur*ur 
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■ 10“ cm ■ 
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• cm' molecule s 1 • 
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5o 
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10 
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:J 
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103104 

e 
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io 

Cl. 1M 

3 

5 

29b0 

100106 
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Cl. '8 

8 

13 
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9 91091 

U 

IS‘» 
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Cl, 14 

3 

5 

2600 

9 95 lO 16 

2 

Ji M 

jn 

CF.tTwi 

04 2 

8 

2300 

10 1 1 1 5 


2»: 

jim 

ci, l i 

3 

7 

1560 

9 56 i 0 93 

f 

2li. 

»o 

CF.ClyVii 

1 4 

10 

2510 

9 98 1047 


2l.*i 

jim 

Cl.-b 

2 

€ 

1960 

11 1H2 

f 

215 
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Cl/l 1 

3 

6 

3360 

104 107 

8 

21 ; 

JlHI 

Cl/O 3 2 

2 

18 
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10310 8 

f 

22u 

JO 
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5 

4 
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22i» 

JO 

CI/5 

5 

4 
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10 1 lO 1 

d 
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Cl 21 5 

3 

4 
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103102 

8 
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5o 

Cl/15 

€ 

9 

1690 

10210 4 

r 

23i» 
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CI/5 

S 

4 
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100i04 


24- 

200 

Cl/2 

4 

5 

1690 

106i 1 0 

f 

24S 

JOO 

Cl, lo 

3 

7 
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f 
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Cl/2 5 

5 

7 

1960 

106107 

f 

2*»2 

So 

Cl, 12 

b 

6 

1900 

106104 


2* : 

ISo 

Cl, 1 1 

•> 

8 

2360 

103107 


2S4 

|nn 

Cl. 7 

4 

4 

1430 

109108 



1 5m 

a. 4 

4 

7 

3060 

114105 

d 

2s- 

lo 

CF.i'l. 9«' 

0 4-2 

8 

1870 

1 1 3 1 0 4 


2*»- 

III 

CK.i 1. so 

0 3-0 9 

7 

2670 

112108 


2‘t- 

Inn 

Cl, 2 

o 

6 

5940 

111103 

8 

l«MI 

JlHI 

Cl. - 

4-8 

9 
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11 8r08 


14J 

2oo 

i *1. 1 5 

3 

7 

1960 

12 9 1 0 6 

f 

I-*. 

Jim 

Cl. 2 

4 

7 
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‘Unless otherwise indicated, the purge gas between the resonance lamp and reactor was a 
dilute N 2 0/N 2 mixture and the gas flows were combined in a mixing chamber upstream from 
the reactor. The linear flow rate through the reactor was 2-3 cm s _l in all experiments and 
the laser repetition rate was varied over the range 1-10 Hz. Nitrogen was used as the buffer 
gas in all experiments. The background C1( 2 P/) decay rate was typically 35 s' 1 
b Photolysis wavelengths were 355 nm for Cl 2 and 193 nm for CF 2 C1 2 . 

'N = number of individual pseudo-first order decay rates measured 

4 2 x 10 15 CF 2 C1 2 per cm 3 added to reaction mixture to facilitate equilibration of the Cll 2 P.,) 
spin-orbit states. 

‘Volume between resonance lamp and reactor purged with dry air. 
f Cl 2 injected into 0 3 /N 2 flow just upstream from the reaction zone. 

•Volume between resonance lamp and reactor purged with N 2 . 


traversal through the flow system, i.e., ozone concentrations measured up- 
stream and downstream from the reaction zone were identical. The ob- 
served kinetics were also found to be independent of the Cl( 2 Pj) photolytic 
source reaction (355 nm photolysis of Cl 2 or 193 nm photolysis CF 2 C1 2 ) and 
independent of whether N 2 0/N 2 , N 2 , or dry air was purged through the 
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volume between the resonance lamp and the reactor; these variations sug- 
gest that reactions and/or inadvertent detection of interfering radicals, 
such as O ( 3 Pj) for example, did not result in systematic errors in our 
measurements. 

The results in Table I show that k x is independent of pressure and only 
weakly dependent on temperature. An Arrhenius plot for reaction (1) is 
shown in Figure 3. Despite the rather small variation of as a function of 
temperature, the In k x vs. T~ l plot is clearly nonlinear, i.e., the activation 
energy for reaction (1) is larger at higher temperature. Arrhenius parame- 
ters can be used to describe the temperature dependence of k x if two sepa- 
rate temperature regimes are considered: 

k x (T) = (1.19 ± 0.21) x 10' 11 exp[(-33 ± 37 )/T) 189 K<T< 263 K 

k x (T) = (2.49 ± 0.38) x 10' 11 exp[(-233 ± 46 )/T] 262 K<f< 385 K 

Units in the above expressions are cm 3 molecule' 1 s" 1 and errors are 2<r, 
precision only. The absolute uncertainty (2cr) in k^T) calculated from the 
above expressions is estimated to be ±15% independent of temperature. 
This error estimate is based on the precision of our rate coefficients (Table I), 
estimates of possible systematic errors (primarily in the ozone concentra- 
tion determination), and the ability of the above Arrhenius expressions to 
reproduce the experimental data; the precision of the derived A-factors and 
activation energies suggest uncertainties in k x (T) values which we believe 
to be unrealistically high. It should be noted that data at T = 262 K and 


T (K) 

400 300 200 



Figure 3. Arrhenius plot for the reaction Cl ( 2 Pj) + 0 3 — «• CIO + 0 2 . Solid lines are 
obtained from unweighted least squares anaJyaes of data over the temperature ranges 
189-263 K and 262-385 K. 
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263 K were used to obtain both of the above Arrhenius expressions; the val- 
ues of k x (262.5 K) predicted by the two expressions differ by 2.5%. The two 
expressions give exactly equal rate coefficients at T = 269 K, so this would 
be the best temperature to switch from use of one expression to the other. 

Our rate coefficient determinations for reaction (1) are compared with 
those reported by other investigators in Table II. Error estimates are not 
included in the Table because comparing reported errors from different 
labs can often be misleading. For a majority of the studies summarized in 
Table I, 2a error limits appear to be around 15-20% for k x (T) at any tem- 
perature within the range investigated. The discharge flow-mass spec- 
trometry studies of Clyne and Watson [8] and Leu and DeMore [12] 
required an absolute calibration for the unstable species Cl( 2 Pj); the error 
limits in these studies are about ±30%. The rate coefficients reported by 
Clyne and Nip [9] also have error limits of about ±30% due to somewhat 
larger scatter in the data than was observed in other studies. With the ex- 
ception of the faster rate coefficient reported by Clyne and Watson [8] and 
the somewhat slower rate coefficient reported by Kurylo and Braun [11], 
reported values for ^(298 K) fall within the narrow range (1.22 ± 0.08) x 
10' 11 ) cm 3 molecule -1 s’ 1 . It is interesting to note, however, that the three 
studies which employed flash photolysis techniques (this work along with 
refs. [11] and [13]) obtained the three lowest reported values for ^(298 K), 
suggesting the presence of a small but significant systematic error in ei- 
ther the flash photolysis method or the discharge flow method. The source 
of such an error is not readily identifiable, although it is possible that 
some studies could have been affected by Cl( 2 Pj) or 0 3 removal and/or re- 


Table II. Comparison of our results for the reaction Cl ( 2 Pj) + 0 3 — * CIO + 0 2 with results 
reported by other investigators. 





ki<10-U 

cm^ molaculc V 1 

i b.c 

lnv«siiffiiors 

Tacbniqua • 

Ranra of TiK 1 

296 K 

230 K 

190K 

Clyna & Wftuon [8] 

DF MS 

296 

18 5 



Clyna & Nip [9] 

DF-RA 

221-629 

12 7 

t 4 

5 7- 

Zahniaar. at al ( 10] 

DF RF 

210-360 

122 

10 3 

6 8* 

Kurylo & Braun [11) 

FP RF 

213-296 

10 l 

74 

5 7- 

UuA DtMor*[12] 

DF-MS 

296 

13 



Waiaon. at al [13] 

FP-RF 

220-350 

116 

6 7 

6 :• 

Toohey at al (14) 

DF-RF 

296 

13 



Thu Work 

LFPRF 

169-385 

11 4 

IU J 

10 0 

NASA Panal [20] 



12.1 

94 

74 

I UP AC Panal [41] 



114 

66 

7 0 


*DF: discharge flow; FP: flash photolysis; LFP: laser flash photolysis; MS: mass spec- 
trometry; RA: resonance absorption; RF: resonance fluorescence. 

k Where T-dependent data is reported, rate coefficients are calculated from Arrhenius 
expressions. 

'Error estimates are discussed in the text. 

• Obtained by extrapolation of more than a factor of 1.1 in 1/T. 
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generation resulting from reactions of the vibrationally excited CIO (CIO*) 
produced in reaction (1) [36]: 

(I) C1( 2 Pj) + 0 3 ► C10* + 0 2 

(II) CIO* + Cl( 2 Pj) ► O ( 3 Pj) + Cl 2 

(12a) CIO* + 0 3 ► CIO + 0 2 + 0( 3 P,) 

(12b) ► Cl( 2 Pj) + 20 2 

(13) CIO* + M >C\0 + M 

(14) 0( 3 P,) + CIO ► C1( 2 P,) + 0 2 

(15) 0( 3 Pj) + Cl 2 ♦ C1( 2 P/) + CIO 

It has been observed experimentally that reaction (1) can lead to produc- 
tion of 0( 3 Pj) [37-40], and reaction (11) has been identified as a probable 
0( 3 Pj) source under conditions of high [Cl( 2 Pj)] [38-40], We have shown 
previously [39] that 0( 3 Pj) production via the above chemistry is greatly 
suppressed at high N 2 pressures, presumably because reaction (13) be- 
comes dominant over reactions (11) and (12). Hence, our observation that 
k t (T) is independent of pressure over the range 30-300 torr N 2 strongly 
suggests that the above chemistry did not affect our measurements. 

WTiile reported values for fc,(298 K) are in quite good agreement, the 
scatter in reported and/or extrapolated rate coefficients increases with de- 
creasing temperature. At temperatures below 230 K, the values for A,(D 
reported in this study are higher than any reported previously. As shown 
in Table I, our measured value of 10.0 x 10' 12 cm 3 molecule' 1 s' 1 for 
^(190 K) is a factor of 1.4 faster than current "recommendations” [20,41], 
and agrees within combined error limits only with the (extrapolated) re- 
sult of the discharge flow study of Zahniser et al. [10]. 

Incorporation of our results into models of stratospheric chemistry would 
increase the steady state fraction of CIO, existing as CIO and reduce the 
fraction existing as the unreactive reservoir HC1; hence, model calcula- 
tions aimed at reproducing CIO measurement data would predict higher 
CIO levels if our values for k^T) were used in place of currently recom- 
mended values [20,41]. Our values for k^T) would increase the calculated 
efficiency of chlorine catalyzed ozone destruction in modeling studies 
where CIO levels are calculated from analysis of production and loss terms. 
However, in some calculations of chlorine catalyzed ozone depletion, at- 
tempts are made to reproduce observed CIO levels by adjusting the total 
available inorganic chlorine; predictions from these models should be rela- 
tively insensitive to changes in k x {T). 

Toohey et al. [14] have recently shown that rate coefficients for the reac- 
tions of 0 3 with Br, Cl, F, O, and N atoms and OH radicals correlate with 
the electron affinities of the radicals, a correlation which leads these au- 
thors to suggest that X + O s reactions proceed through early transition 
states dominated by transfer of electron density from the highest occupied 
molecular orbital of ozone to the singly occupied molecular orbital of the 
radical. A semi-empirical C10 3 potential energy surface has been con- 
structed by Farantos and Murrell [42] which also suggests an early transi- 
tion state for the collinear collision (Cl — O bond distance about 2.5 A). 
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Farantos and Murrell [42] found no evidence for long-lived complex forma- 
tion along the collinear pathway, but it does not appear that the possibility 
of energetically favorable insertion pathways was examined in detail by 
these authors. One possible explanation for the nonArrhenius temperature 
dependence observed in our study of reaction (1) is that a weak minimum 
exists in the potential energy surface for Cl( 2 Fj) insertion into an O — O 
bond of ozone, thus permitting formation of a long-lived OCIOO* complex 
whose decomposition to CIO + 0 2 makes a significant contribution to the 
overall reaction rate at low temperatures. However, a matrix isolation 
study of reaction (1) failed to observe evidence for any C10 3 isomers [43], 
As suggested by Toohey et al. [14], ab-initio studies of X + 0 3 reaction dy- 
namics would certainly be a worthwhile endeavor. 

•• 

B. The Br + 0 3 Reaction 

In our study of reaction (2), 355 nm photolysis of Br 2 was employed as 
the Br( 2 P^) source. Both theoretical [44] and experimental [45] information 
suggest that virtually all bromine atoms are produced in the 2 P 32 ground 
state. To insure rapid relaxation of any photolytically generated Br( 2 P 12 ), 
about 2 torr of H 2 was added to the reaction mixture. The reaction 


is known to be fast, with k l6 * 6 x 10' 12 cm 3 molecule' 1 s' 1 [46]. Since the 
equilibrium concentration of Br( 2 P^) is negligible over the temperature 
regime of our study, all measured bromine atom temporal profiles should 
be considered as representative of removal of ground state atoms, Br( 2 P 32 ). 

A total of about 250 Br( 2 P a2 ) temporal profiles were measured under a 
wide variety of experimental conditions. The results used to determine val- 
ues for k 2 ( T) are summarized in Table HI. All experiments summarized in 
Table III were consistent with equation I, i.e, all decays were exponential 
and, in a given set of experiments, k' increased linearly with increasing 
ozone concentration. The observed kinetics were unaffected by significant 
variations in Br 2 concentration, the concentration of photolytically pro- 
duced atoms, and the distance in the flow system over which Br 2 and 0 3 
were allowed to interact before entering the reaction zone. In all experi- 
ments summarized in Table HI, ozone concentrations were measured both 
upstream and downstream of the reaction cell; no evidence for ozone loss in 
the flow system was observed except at 392 K where the downstream ozone 
concentration was typically 10% lower than the upstream concentration, 
even when 0( 3 Pj) production was minimized (see below). At 392 K, the 
ozone concentration in the reaction zone was taken to be the average of the 
upstream and downstream concentrations. 

In preliminary experiments (not summarized in Table HD, nonexponential 
decays were observed at high temperatures and under conditions where 
the ratio [0 3 ]/[Br 2 ] was relatively high. The observed deviation from the 
prediction of equation I is attributed to Br ( 2 P«) regeneration via the fol- 
lowing mechanism: 


(16) 


Br( 2 P l2 ) + H 2 (u = 0) ► Br( 2 P 32 ) + H 2 (o = 1) 


(17) 

(18) 


0 3 * + hv(355 nm) ► 0( 3 P^) + 0 2 

0( 3 Pj) + Br 2 ► Br( 2 P„) + BrO 
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Table HI Summary of kinetic data for the reaction Br( 2 P i7 ) + 0 3 — BrO + 0 2 * 


TVKj 

Pi Tom 

[Br,)f 10' 1 at) *1 

fBrL' 10" cm ■*» 

N 

k • > ' i 

lO'V 2 2o 
• cm’ 

molecule '_s_' i 
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1 0 
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5 

853 
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1420 

8 M 2 o 9J 

298 

30 

5 

1 6 

5 

. 1080 

102 1 06 

298 

100 

4 14 

2 6 

13 

2270 

11 3 s 0 7 

298 

150 

3 11 

1 5 

9 

1460 

11 3 2 07 

298 

150 

2 • 10 

08 - 3 

6 

1220 

10 9 2 0 7 

298 

150 

4 

1 6 

8 

1840 

11 0203 

298 

300 

4 

1 6 

6 

888 

11 3 2 07 

328 

150 

135 

06-2 

13 

2150 

14 4 i«i 5 

347 

150 

2-6 

1 3 

8 

1390 

14 7 2 0 7 

352 

150 

4 • 9 

13 3 

6 

1440 

17 8 t 1 1 

365 

150 

4 

1 6 

7 

2460 

1802 1 0 

376 

150 

5 

2 

5 

1680 

16 1 2 1 2 

386 

150 

14 

4 

7 

1920 

20 6 2 0 9 

392 

150 

13 39 

4 

6 

1670 

22 6 x 08 


‘The purge ga s between the resonance lamp and reactor was 5% CH 4 in N 2 . The linear flow 
rate through the reactor was 2-3 cm s' 1 and the laser repetition rate was 1 Hz in all exper- 
iments. Nitrogen was used as the buffer gas in all experiments The background Br( de- 
cay rate was typically 30 a" 1 . The photolysis wavelength was 355 nm. 

*N - number of individual pseudo-first order decay rates measured 


Reaction (18) is quite fast, i.e., k lt ca. 2 x 10" u cm 3 molecule" 1 s"\ with 
little or no temperature dependence [19,47,48]. As mentioned above, 02 one 
in its ground vibrational level is totally transparent at 355 nm [32]. How- 
ever, near the high temperature extreme of our study (i.e., T > 380 K), 
excited vibrational levels from which 355 nm absorption can occur [32] 
become sufficiently populated to cause the above interference. To avoid 
Brt 2 ?!,) regeneration, our experiments at 386 K and 392 K employed much 
higher Br 2 levels than normal but relatively low laser powers, such that 
the concentration of photolytically generated Br( 2 P J/2 ) was much greater 
than the concentration of photolytically generated 0( 3 Pj ). The only delete- 
rious effect of these experimental conditions was to increase the back- 
ground count rate due to photodissociation of Br 2 by the resonance lamp 
and detection of the resultant Br( 2 P w ); this two-photon process could be 
minimized by operating the resonance lamp at a relatively low power level, 
though some signal counts were sacrificed in the process. 

An Arrhenius plot for reaction (2) is shown in Figure 4. A linear least 
squares analysis of the In k 2 vs. T" 1 plot gives the following Arrhenius ex- 
pression in units of cm 3 molecule" 1 s" 1 : 

k t (T) - (1.50 ± 0.16) x 10" n exp[-(775 ± 30)/7’]. 
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T <K> 


400 300 200 



Figure 4 Arrhenius plot for the reaction Brl’Pvj) + O s — ■» BrO + 0 2 . Solid line is 
obtained from an unweighted least squares analysis. 


Uncertainties in the above expression are 2<r and represent precision only. 
The absolute uncertainty in k 2 (T) calculated from the above expression is 
estimated to be ± 15% except at 392 K where a small potential contribution 
from reactions (17) and (18) along with greater uncertainty in the 0 3 con- 
centration raise the estimated uncertainty in fc 2 (392 K) to ±25%. 

Our rate coefficient determinations for reaction (2) are compared with 
those reported by other investigators in Table IV. As was the case for 
reaction (1), 2cr error limits in most previous determinations of k 2 (T) ap- 
pear to be in the 20-30% range, although Leu and DeMore [16] report an 
uncertainty of ±40% for their lowest temperature (224 K) rate coefficient. 
Activation energies determined from the six temperature dependent stud- 
ies of reaction (2) span the range 1.20-1.94 kcal mol' 1 with the discharge 
flow studies of Leu and DeMore [16] and Toohey et al. [14] at the high end, 
the flash photolysis and discharge flow studies of Michael and co-workers 
[17,18] at the low end, and our study along with the study of Dodonov et al. 
[19] in the middle. While our results are in quantitative agreement only 
with those of Dodonov et al., they rather fortuitously are in almost exact 
agreement with current panel recommendations for k 2 (T), which are ob- 
tained by averaging all previous results except the results of Dodonov et al. 
[20,41]! Hence, the values for k 2 (T) currently being employed to model 
stratospheric chemistry are in exact agreement with our measurements. It 
should be noted that the excellent agreement of our Arrhenius parameters 
with those reported by Dodonov et al., may be somewhat fortuitous since 
our study spans a range of 1/T more than four times larger than the range 
spanned by Dodonov et al.’s study. 
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Table IV. Comparison of our results for the reaction Br( 2 P 32 ) + Oa — ♦ BrO + 0 2 with 
results reported by other investigators. ___ 


k 2 ' 10' cm3 molecule" U* 1 » 


Investigator* 

Technique • 

Range of T'Ki 

296K 

230 K 

190K 

Clyne k Wauon (15) 

DF-MS 

296 

12 



Uu k DeMore [16] 

DF-MS 

224-422 

128 

4 8 

2 9* 

Michael, at al (17] 

FP RF 

200-360 

10 2 

56 

32 

Michael k Payne ( 18] 

DF-RF 

234-360 

10 4 

54 

2 9* 

Dodonov. et al (19) 

DFL- MS 

281-337 

10 9 

4 9* 

2 3* 

Tooh<>. et al (14) 

DF-RF 

248-418 

13 6 

54 

2 3* 

This Work 

LFP-RF 

196 392 

11 1 

52 

'2 5 

NASA Panel [20] 



11 6 

52 

25 

II PAC Panel (41| 



116 

52 

25 


aDF: discharge flow; FP: flash photolysis; DFL: diffusion flame; LFP. laser flash photolysis; 
MS: mass spectrometry; RF: resonance fluorescence. 

b Where 7-dependent data is reported, rate coefficients are calculated from Arrhenius 
expressions. 

'Error estimates are discussed in the text. 

•Obtained by extrapolation of more than a factor of 1.1 in 1/7 


Examination of Table IV shows that values for i 2 (230 K) and A 2 ( 190 K) 
calculated using various reported Arrhenius expressions agree quite well; 
the differences between the results of various studies are greatest at higher 
temperatures. Both studies of Michael and co-workers were carried out 
under less than ideal conditions and could be subject to systematic errors. 
Their flash photolysis study [17] was hampered by Br( 2 P 32 ) regeneration 
which was attributed to the reaction of photolytically generated 0( 3 Pj) 
with BrO, while their discharge flow study [18] was hampered by a severe 
wall loss problem. The studies where relatively large activation energies 
were measured [14,16] are harder to find fault with, particularly the study 
of Toohey et al. [14] which appears to have been done very carefully. 

Summary 

A laser flash photolysis-resonance fluorescence technique has been em- 
ployed to study the kinetics of the reactions of Cl ( 2 Pj) and Br( 2 P 12 ) with 0 3 , 
with particular emphasis on characterization of the rate coefficients at low 
temperature. Our observed temperature dependence for the C1( 2 P,) + 0 3 
rate coefficient is nonArrhenius, but can be adequately described by 
the following two Arrhenius expressions (units are cm s molecule" 1 s' 1 ): 
*,(T) = 1.19 x 10" u exp(-33/T) for T = 189-269 K and *,(T) = 2.49 x 
10' 11 exp(-233/D for T = 269-385 K. At lower stratospheric tempera- 
tures, the rate coefficients determined in this study are faster than any re- 
ported previously. Incorporation of our results into stratospheric models 
would lead to an increase in calculated CIO levels and a decrease in calcu- 
lated HC1 levels; hence, the calculated efficiency of CIO, catalyzed ozone 
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destruction would increase. For the Br( 2 P^) + 0 3 reaction, we obtain the 
result k 2 (T) = 1.50 x 10“ n exp (-775/7 1 ) cm 3 molecule' 1 s" 1 for T = 195- 
392 K. While not in quantitative agreement with Arrhenius parameters 
reported in most previous studies, our results almost exactly reproduce the 
average of all earlier studies and, therefore, will not affect the choice of 
k 2 (T) for use in modeling stratospheric BrO, chemistry. 
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Abstract 


A laser (lash photolysis-resonance fluorescence technique has been employed to study the 
kinetics of reactions (1M4) as a function of temperature. 


(1) 

O ( } P) + Brj — - BrO + Brl 2 P*j) 

(255-350 K) 

(2) 

C1( 2 P) + Br 2 ► BrCl + Br < 2 P„) 

(298-401 K) 

(3) 

0( 5 P) + HBr — . OH + Br( 2 P,) 

(250-402 K) 

(4) 

C1( 2 P) + HBr HC1 + Brl'Pj) 

(257-404 K) 

In all 

cases, the concentration of the excess reagent, i.e., 

HBr or Br 2 , was measured in situ 


in the slow flow system by UV-visible photometry. Heterogeneous dark reactions between 
XBr (X = H or Br' and the photolytic precursors for C1( 2 P) and 0( 3 P) (Clj and 0 3 , respec- 
tively) were avoided by injecting minimal amounts of precursor into the reaction mixture 
immediately upstream from the reaction tone. The following Arrhenius expressions summa- 
rize our results (errors are 2cr and represent precision only, units are cm s molecule" 1 s' 1 ): 
*, ■= (1.76 * 0.80) x 10" 11 exp! 40 £ 100)/T]; * , = (2.40 £ 1.25) x 10" 10 exp[-(144 £ 
176)/7’]; * s *= (5.11 £ 2.82) x 10" 12 exp[-(1450 £ 160)/T]; * 4 « (2.25 £ 0.56) x 
10" 11 exp(-(400 £ 80)/71. The consistency (or lack thereof) of our results with those reported 
in previous kinetics and dynamics studies of reactions (1M4) is discussed 


Introduction 

The increasing levels of anthropogenic bromine compounds in the earth’s 
atmosphere has led to concerns over the contribution of these species to the 
catalytic destruction of stratospheric ozone [1]. To support studies of bromine 
chemistry directly relevant to the chemistry of the atmosphere, the kinetics 
of reactions ( 1 ) — (4) have been studied as a function of temperature. 

(1) 0( 3 P) + Br 2 ► BrO + Br ( 2 P a ,) 

(2) C1( 2 P) + Br 2 ► BrCl + Br( 2 P„) 

(3) 0( 3 P) + HBr ► OH + Br( 2 PJ 

(4) C1( 2 P) + HBr * HC1 + Br( 2 P,) 

While not of direct atmospheric importance, reactions (l)-(4) often occur in 
laboratory systems designed to obtain kinetic data for other reactions of at- 
mospheric interest. For example, reaction (1) is a commonly employed labo- 
ratory source of BrO, the predominant BrO, species in the stratosphere [2]. 

International Journal of Chemical Kinetics, Vol. 22, 379-397 (1990) 

C 1990 John Wiley & Son a, Inc. CCC 0538-8066/90/040379-20S04.00 
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Interest in reactions (1)— (4) also derives from the fact that a large number 
of theoretical and experimental studies of the dynamics of these reactions 
have been reported [3-37], and accurate kinetic data as a function of tem- 
perature provides a useful check on some of the conclusions from these 
studies. 

Available kinetic data for reactions (1) and (2) is rather limited [38-44] 
and, in fact, reaction (2) has been studied only at 298 K [43,44]. Although 
reaction (4) has been studied by several groups [33-37,45,46], the results 
are somewhat contradictory. Of the four reactions, only reaction (3) has a 
large, self-consistent data base [47-50]; even in this case, however, a recent 
theoretical prediction of a nonArrhenius temperature dependence in the 
200-500 K regime [17] requires verification. 

Experimental Technique 

The laser flash photolysis-resonance fluorescence apparatus used in this 
study was similar to one which we have employed previously to study a 
number of atom-molecule reactions of Cl [51—55] and O [56-62]. Important 
features of the apparatus are described below. 

A pyrex, jacketed reaction cell with an internal volume of 150 cm 3 was 
used in all experiments. The cell was maintained at a constant tempera- 
ture by circulating ethylene glycol or methanol from a thermostated bath 
through the outer jacket. A copper-constantan thermocouple with a stain- 
less steel jacket could be injected into the reaction zone through a vacuum 
seal, thus allowing measurement of the gas temperature under the precise 
pressure and flow rate conditions of the experiment. 

For studies of reactions (1) and (3), ground state oxygen atoms were pro- 
duced by 266 nm pulsed laser photolysis of 0 3 in the presence of (typically) 
100 torr N 2 . 

(5(a)) 0 3 + hv(266 nm) ► 0(‘D) + 0 2 (a‘A,) 

(5(b)) ► 0( 3 P) + 0 2 (X 3 S;) 

(6) O CD) + N 2 ► 0( 3 P) + N 2 

About 88% of the photolytically produced atoms are initially in the elec- 
tronically excited l D state [63], but experimental conditions were always 
such that A 6 [N 2 ] s> /feJBr 2 ] or * 3 [HBr] (i s * 2.6 x 10' u cm 3 molecule' 1 s' 1 
[56,64,65]). Fourth harmonic radiation from a Nd:YAG laser served as the 
photolytic light source for oxygen atom production. The laser could deliver 
up to 3 x 10 16 photons per pulse at a repetition rate of up to 10 Hz; the 
pulsewidth was 5 ns. The three fine structure levels of O ( 3 P) have split- 
tings which are much smaller than thermal collision energies; hence, it is 
safe to assume that our kinetics experiments probed a thermally equili- 
brated mixture of 0( 3 P 0 ), 0( 3 Pj), and 0( 3 P 2 ). 

For studies of reactions (2) and (4), chlorine atoms were produced by 355 nm 
pulsed laser photolysis of Cl 2 in the presence of (typically) 100 torr N 2 . 

(7) Cl 2 + hv ( 355 nm) ► nCl( 3 P^ + (2 - njCK’P,,) 

(8) CK’Px*) + N 2 ► Cl( 2 P 3/2 ) + N 2 
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Based on literature values for deactivation of spin-orbit excited C\( 2 P l7 ) by 
N 2 (k s ca. 5 x 10' 13 cm 3 molecule' 1 s' 1 [66,67]), it appears that experimental 
conditions were always such that i 8 [N 2 ] > Jk 2 [Br 2 ] or AJHBr]. Hence, all 
measured chlorine atom temporal profiles should be considered as repre- 
sentative of the removal of an equilibrium mixture of C1( 2 P 3 ^) and C1( 2 P 12 ). 
Third harmonic radiation from a Nd.YAG laser served as the photolytic 
light source for chlorine atom production. The laser could deliver up to 
1 x 10 17 photons per pulse at a repetition rate of up to 10 Hz; the pulse- 
width was 6 ns. 

An atomic resonance lamp, situated perpendicular to the photolysis 
laser, excited resonance fluorescence in the photolytically produced atoms. 
The resonance lamp consisted of an electrodeless microwave discharge 
through about one torr of a flowing mixture containing a trace of 0 2 or Cl 2 
in He. The flows of a 0.1% 0 2 or Cl 2 in He mixture and pure He into the 
lamp were controlled by separate needle valves, thus allowing the total 
pressure and 0 2 or Cl 2 concentration to be adjusted for optimum signal-to- 
noise. Radiation was coupled out of the lamp through a magnesium fluo- 
ride window and into the reaction cell through a magnesium fluoride lens. 
Before entering the reaction cell, the lamp output passed through a flow- 
ing gas filter. For 0( 3 P) detection, the gas filter was 0.1 cm-atm 0 2 in N 2 ; 
this filter prevented lamp emissions in the 135-165 nm region from enter- 
ing the reactor. For C1( 2 P) detection, the gas filter was 0.004 cm-atm N 2 0 
in N 2 ; this filter absorbed all impurity emissions from the oxygen triplet at 
130-131 nm while only slightly attenuating the chlorine lines in the 135- 
140 nm region, and also provided some attenuation of impurity emissions 
in the 140-150 nm region. 

Fluorescence was collected by a magnesium fluoride lens on an axis or- 
thogonal to both the photolysis laser beam and the resonance lamp beam, 
and imaged onto the photocathode of solar blind photomultiplier The re- 
gion between the reaction cell and the photomultiplier was purged with 
N 2 . A calcium fluoride window was placed between the reaction cell and 
the photomultiplier to prevent detection of emissions at wavelengths 
shorter than 125 nm (Lyman-a emission, for example). Signals were pro- 
cessed using photon counting techniques in conjunction with multichannel 
scaling. For each atom decay measured, signals from a large number of 
laser shots were averaged to obtain a well-defined temporal profile over 
(typically) three 1/e lifetimes of decay. The multichannel analyzer sweep 
was triggered prior to the photolysis laser in order to allow a pre-trigger 
baseline to be obtained. 

In order to avoid accumulation of photolysis or reaction products, all ex- 
periments were carried out under "slow flow" conditions. The linear flow 
rate through the reactor was typically 5 cm s' 1 and the laser repetition 
rate was s5 Hz. Hence, no volume element of the reaction mixture was 
subjected to more than one or two laser shots. The photolytic precursors 0 3 
and Cl 2 and the stable reactants Br 2 and HBr were flowed into the reaction 
cell from 12 liter bulbs containing dilute mixtures in nitrogen buffer gas. 
The stable reactant flow was pre-mixed with additional nitrogen before en- 
tering the reaction cell. Since heterogeneous reactions of the photolytic 
precursors with the stable reactants were a problem in these studies, in 
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most experiments the photolytic precursors were not pre-mixed with other 
components of the reaction mixture upstream from the reaction cell; in- 
stead, they were injected into the reaction cell through a Vs inch O.D. 
teflon tube positioned such that the photolyte mixed with other compo- 
nents about 1 to 5 cm upstream from the reaction zone. 

Concentrations of each component in the reaction mixtures were deter- 
mined from measurements of the appropriate mass flow rates and the total 
pressure. The concentrations of HBr and Br 2 were also measured in situ 
in the slow flow system by UV photometry. The 184.9 nm emission from 
an Hg pen ray lamp was employed as the light source for monitoring HBr. 
Absorption cells were 20 cm long in the study of reaction (3) and 216 cm 
long in the study of reaction (4). After passing through the absorption cell, 
the 184.9 nm radiation was isolated for detection using a */a meter 
monochromator-bandpass filter combination. The HBr absorption cross 
section at 184.9 nm was taken to be 2.36 x 10" 1 * cm 2 [68,69]. A multipass 
White cell arrangement was employed to monitor Br 2 . Radiation from a 
xenon arc lamp was multipassed through a 35 cm absorption cell 42 times 
giving an absorption pathlength of 14.7 meters. A l /4 meter monochromator 
in conjunction with dielectric coated White cell mirrors and narrow-band 
anti-reflection coated absorption cell windows isolated radiation at the 
monitoring wavelength, 415.8 nm. The Br 2 absorption cross section at 
415.8 nm was taken to be 5.87 x 10~ 19 cm 2 [70]; measurements carried out 
during the course of our study confirmed that this cross section is correct. 
To ensure that the reactant concentration was not changing during transit 
through the flow system, all four reactions were studied with the absorp- 
tion cell positioned both upstream and downstream from the reaction cell; 
in the upstream position, of course, a small correction was required for di- 
lution upon injection of the photolyte into the mixture. 

The gases used in this study had the following stated minimum purities: 
N 2 , 99.999%; He, 99.999%; Cl 2 , 99.99%; HBr, 99.8%. Nitrogen and helium 
were used as supplied while Cl 2 and HBr were degassed repeatedly at 77 K 
before use. Bromine was Fischer ACS reagent grade with a maximum im- 
purity level of 0.06%; it was transferred into a vial fitted with a high vacuum 
stopcock, then degassed repeatedly at 77 K before use. Ozone was prepared 
in a commercial ozonator using UHP oxygen (99.99%). It was collected and 
stored on silica gel at 195 K, and degassed at 77 K before use. 

Results and Discussion 

All experiments were carried out under pseudo-first order conditions 
with HBr or Br 2 in large excess over 0( 3 P) or C1( 2 P). Hence, in the absence 
of secondary reactions which enhance or deplete the atom concentration, 
the atom temporal profile is dominated by the reactions 

(i) A + XBr ► AX + Br, i = 1-4 

(9) A ► loss by diffusion from the detector field of view 

and/or reaction with background impurities 

where A = 0 or Cl and X = Br or H. Integration of the rate equations for 
the above scheme yields the simple relationship 


208 


KINETICS OF REACTIONS 


383 


(I) ln{[A] 0 /[A],} - (*,[XBr] + k 9 )t = k't. 

The bimolecular rate coefficients, k n are determined from the slopes of k' 
vs. [XBr] plots. 

For all four reactions studied, atom temporal profiles were found to be 
exponential (i.e., obeyed eq. (I)) and to increase linearly with increasing 
XBr concentration. Observed pseudo-first order decay rates were found to 
be independent of laser photon fluence and photolytic precursor concentra- 
tion in all cases. The above set of observations strongly supports the con- 
tention that reactions (i) and (9) are the only processes which affected the 
post-flash atom time histories in our studies of reactions (1M4). Results 
for reactions (l)-(4) are discussed separately below. 

0( 3 P) + Br 2 

Results from our study of reaction (1) are summarized in Table I. The rate 
coefficient k x is found to be virtually independent of temperature over the 
range 255-350 K. Typical 0( 3 P) temporal profiles are shown in Figure 1 
while k' vs. [Br 2 ] plots for data taken at 255 K and 350 K are shown in 
Figure 2. A linear least squares analysis of the In k x vs. T~ l data gives the 
Arrhenius expression. 

k : {T) = (1.76 ± 0.80) x 10" U exp[(40 ± 100)/T] cm 3 molecule" 1 s' 1 . 

The temperature independent rate coefficient k l = (2.03 ± 0.12) x 
10' 11 cm 3 molecule' 1 s" 1 is an equally good representation of our results. 
Errors in the above expressions are 2c r and represent precision only. We es- 
timate the absolute uncertainty (2cr) in k x (T) at any temperature within 
the range of our study to be ±15 °7c. 

There have been a limited number of previous studies of the thermal 
rate coefficient for reaction (1). In a study by Clyne and coworkers [40], k l 
was measured at room temperature in a discharge flow system using reso- 
nance fluorescence to follow oxygen atom loss and, in separate experiments, 
bromine atom production. At lower stoichiometries these workers found 


Table I. Kinetic data for the reaction of Oi 3 P) with Br 2 .* b 


T 

P 

(OJ 

IO. 3 P)] 0 

N' 

k mix 


255 

100 

250 

4.8 

8 

11900 

2.01 £ 0.07 

278 

100 

300 

5.0 

6 

8720 

1.97 £ 0 05 

296 

100 

240 

4.5 

8 

8910 

2.14 £ 0.10 

298 

30 

100 

2.0 

7 

9120 

1.99 £ 0.16 

298 

100 

90-260 

0.7-3. 4 

19 

10300 

2.11 £ 0.07 

298 

300 

900 

10 

6 

10000 

2.08 £ 0 09 

350 

100 

160 

2.0 

7 

8550 

1.91 £ 0.07 


•Units are as follows: T (K); P (tom; (Oj), [0( 3 P)Jo (10 11 per cm 3 ); k ^ (s' 1 ); k x (10' 11 cm 3 
molecule* 1 s' 1 ). 

b All experiments were done with N 2 buffer gas. The linear flow rate was varied from 
3 cm s' 1 to 15 cm s' 1 (5 cm s" 1 typical). The laser repetition rate was vaned from 1 Hz (typi- 
cal* to 2.5 Hz. The 0( 3 P) loss rate in the absence of Br 2 was typically 100 s' 1 . 
f A’ = number of pseudo First order decays measured 
d Error is 2<r and represents precision only. 
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TIME (mt) 

Figure 1. Typical OOP) temporal profiles obtained in our study of the 0( 3 P) + Br 2 re- 
action. Experimental conditions: T « 298 K, P * 300 torr; (0 3 ) * 9.0 x 10 u molecules 
per cm 3 ; [O( 3 P>] 0 ca. 5 x 10 n atoms per cm 3 ; [Br 2 ] in units of 10 14 molecules per 
cm 3 = la) 1.04, (b) 2.05, (c) 4.86; number of laser shots averaged * (a) 150, (b) 250. 
(c) 500. Solid lines are obtained from least squares analyses and give the following 
pseudo-first order decay rates in units of s' 1 : (a» 1930, (b) 4400, (c) 10000. 


that secondary chemistry due to the BrO produced from reaction (1) (i.e., 
the BrO + O reaction) was suppressed by adding excess NO. A value of 
(1.4 ± 0.2) x 10' 11 cm 3 molecule' 1 s' 1 was reported; the currently recom- 
mended value for k x [71] is based on this result. Clyne et al. [40] also dis- 
cussed previous studies of reaction (1) carried out in Clyne’s laboratory 
[38,39]. The experiments of Clyne and Cruse [38], also performed in a dis- 
charge flow system with resonance fluorescence detection of 0( 3 P), were 
carried out in excess NO but with [Br 2 ] 0 ca. [O] 0 . Therefore, Clyne et al. 
concluded that the reaction 

(10) 0( 3 P) + N0 2 ► 0 2 + NO 

was a complication in the Clyne and Cruse study and proposed that the 
earlier result should be lowered to (1.2 ± 0.4) x 10' 11 cm 3 molecule' 1 s" 1 
from the originally reported 1.74 x 10' 11 cm 3 molecule' 1 s' 1 . Also discussed 
by Clyne et al. is the work of Cruse [39]. Using techniques similar to 
Clyne et al., the study of Cruse apparently yielded a value of (2.1 ± 0.4) x 
10' 11 cm 3 molecule' 1 s' 1 for h x . This is again the composite result of both 
0( 3 P) disappearance and Br( 2 P) appearance measurements. As a weighted 
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[Br,] (lo'*mol#cul«» p*r cm’) 

Figure 2. Plots of k' vs [Br 2 ] for data obtained at the temperature extremes of our 
Oi 3 P) + Br 2 study. Lines are obtained from linear least squares analyses and give the 
rate coefficients 2.01 - 0.07 at 255 K and 1.91 x 0.07 at 350 K in units of 10" 11 cm 3 
molecule' 's' 1 ; errors are 2cr and represent precision only. 


average of all three studies, Clyne et al. [40] offer = (1.65 ± 0.30) x 
10' 11 cm 3 molecule’ 1 s’ 1 at 298 K. 

There have been two studies of the temperature dependence of k , reported 
in the literature. Moin et al. [41] measured k^T) relative to k n (T) 

(11) 0( 3 P) + Cl 2 ► CIO + Cl ( 2 P) 

over the temperature range 306 K to 425 K. These investigators report 
k 1 iT)/k n (T) = (3.98.* 2 9 a s /) exp[(1300 ± 45 )/T)]. Using our recently re- 
ported [60] Arrhenius expression for reaction (11), k u (T) = (7.4 ± 2.4) x 
10' 12 exp[-(1650 ± 100)/T] cm 3 molecule’ 1 s* 1 , in conjunction with the 
k 1 (,T)/k n (T) ratios reported by Moin et al. [41] leads to the result k^T) = 
(3.0 * 2 .| x 10' 11 ) exp[-(350 ± 150)/T] cm 3 molecule’ 1 s' 1 . Dodonov et al. 
[42], have also measured k x (T) over the temperature range 246-431 K 
using a diffusional flame method. These investigators obtained the result 
I t,(T) = 4.6 x 10' 11 exp[-(210 ± 75 )/T] cm 3 molecule’ 1 s' 1 . The results of 
Dodonov et al. are in fair agreement with our results particularly at tem- 
peratures below 298 K. The error limits reported by Moin et al. are so 
large that quantitative comparison with their study is a pointless exercise; 
their results do suggest values for k x (T) of the same order of magnitude as 
do our results. 
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Both experimental and theoretical studies of the dynamics of reaction (1) 
have appeared in the literature. Reactive scattering experiments at low 
translational energies (1-3 kcal mol' 1 ) [3,4] indicate a long lived collision 
complex while higher energy (15-40 kcal mol' 1 ) scattering experiments 
[5,6] are more compatible with a complex that is short lived compared to a 
rotational period. An RRKM model [7] suggests that the long lived com- 
plex mechanism may adequately describe the scattering experiments. The 
same RRKM model has been used to calculate a thermal rate coefficient 
for reaction (1) [8]. Good agreement is obtained only when a barrier of ap- 
proximately 1 kcal mol' 1 is introduced into the entrance channel. While 
this activation energy is consistent with a roughly estimated value that 
has appeared in the literature [72], and is reasonably close to that observed 
by Moin et al. [41], it is not compatible with the lack of a significant tem- 
perature dependence observed in our study. 

CU 2 P) + Br 2 

In order to study reaction (2) with in situ measurement of the Br 2 con- 
centration, it was necessary to observe pseudo-first order decay rates ap- 
proaching 10 s s' 1 , i.e., more than an order of magnitude faster than is 
customarily employed in flash photolysis-resonance fluorescence studies. 
Typical C1( 2 P) temporal profiles observed in our study of reaction (2) are 
shown in Figure 3, while a summary of the data is compiled in Table II. 
The rate coefficient k 2 is found to be virtually independent of temperature 
over the range 298-401 K. A linear least squares analysis of the In k 2 vs. 
7” 1 data gives the Arrhenius expression 

k 2 (T ) = (2.40 ± 1.25) x 10' 10 exp[-(144 ± 1761/T] cm 3 molecule' 1 s' 1 . 

The temperature independent rate coefficient k 2 = (1.58 £ 0.22) x 10' 10 
cm 3 molecule' 1 s" 1 is an equally good representation of our results. Errors 
in the above expressions are 2cr and represent precision only. We estimate 
the absolute uncertainty (2cr) in k 2 {T) at any temperature within the 
range of our study to be ±20%. 

There have been two previous studies of k 2 . Both studies were performed 
in the same laboratory using a discharge flow-resonance fluorescence sys- 
tem at low pressures. In the earlier study Clyne and Cruse [43] reported 
A 2 (298 K) = (1.20 ± 0.15) x 10' 10 cm 3 molecule' 1 s' 1 . In the later work 
Bemand and Clyne [44] measured A 2 (298 K) = (1.9 ± 0.2) x 10" 10 cm 3 mole- 
cule' 1 s' 1 . The average of these two studies is in good agreement with our 
result. Given the rapidity of reaction (2) it is not surprising that there is no 
significant activation energy. 

There have been several molecular beam studies of the dynamics of reac- 
tion (2). As summarized by Valentini et al. [9] the lack of a significant de- 
pendence of the total cross section on collision energy indicates a lack of any 
energy barrier. This conclusion is also supported by the forwardly peaked 
center of mass angular distributions of the product BrCl which are indepen- 
dent of total collision energy. The total cross sections quoted in the molecu- 
lar beam studies, 1-20 A 2 for = 2.0 kcal/mol' 1 [10-12], 4-33 A 2 for 
E n M = 6.8 kcal/mol' 1 [9], and 5-42 A 2 for = 14.7 kcal/mol' 1 [9] are 
less than an estimated hard sphere cross section (ca. 48 A 2 ) [73]. For the 
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TIME (mt) 

Figure 3. Typical C)( 2 P) temporal profiles obtained in our study of the Cl( 2 / > ) -*■ B r 2 
reaction Experimental conditions: T *= 327 K; P = 100 torr; l C 1 2 1 = 1-9 x 10 13 
molecules per cm 3 ; (Ch 2 P)] 0 ca . 3 x 10 11 atoms per cm 3 ; [Br 2 ] in units of 10 u molecules 
per cm 3 = (a> 1.04. (b) 2.58. (c) 3.65; number of laser shots averaged * (a) 1024, 
fb i 2048, (c) 8192. Solid lines are obtained from least squares analyses and give the fol- 
lowing pseudo- first order decay rates in units of s' 1 : (a) 18400, (b) 41600, ic) 59400. 


sake of comparison, if our value for the thermal rate coefficient is 
divided by the mean relative velocity at 298 K a "cross section" of 34 A 2 
is derived. 

0( 3 P) + HBr 

Results from our study of reaction (3) are summarized in Table III and 
plots of k' vs. [HBr] at a series of temperatures are shown in Figure 4. An 


Table II. Kinetic data for the reaction of C1( 2 P) with Br 2 > b 


T 

P 

[Cl,] 

[C\( 2 P)]o 

N e 

k „. T 


298 

100 

130-630 

1.3-5.3 

55 

66000 

1.49 - 0.10 

327 

100 

190 

3.0 

6 

59200 

1.60 c: 0 05 

349 

100 

200 

1.5 

5 

56300 

1.49 i 0.17 

401 

100 

220 

3.4 

6 

59900 

1.72 ± 0.11 


•Units are as follows: T (K); P (torr); [Cl J, [Cl( 2 P)lo ( 10 11 per cm 3 ); k ^ (s' 1 ); k 2 (10' 1 ° cm 3 
molecule' 1 s' 1 ). 

b All experiments were done with N 2 buffer gas at »5 cm s' 1 linear flow rate and 1 Hz laser 
repetition rate. The loss rate of C1( 2 P) in the absence of Br 2 was typically 120 s' 1 . 
t N * number of pseudo first order decays measured. 

6 Error is 2cr and represents precision only. 
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Table ID. Kinetic data for the reaction of 0( 3 P) with HBr .*- b 


r 

P 

[0 3 ] 

(0( s P)lo 

N e 

k 

kz" 

250 

100 

76-130 

6.0-10 

7 

1410 

1.65 - 0.09 

272 

100 

38 

2.0 

7 

1130 

2.55 ± 0.09 

298 

30 

40 

3.0 

5 

1040 

3.56 - 0.15 

298 

100 

80-230 

5.0-12 

11 

1710 

3.65 ± 0.15 

298 

100 

40 

3.0 

6 

1040 

3.51 - 0.16 

298 

300 

340 

20 

6 

1120 

3.51 ± 0.26 

345 

100 

40-80 

3.2-7.0 

10 

1340 

7.12 ± 0.53 

402 

100 

30-130 

2.0-12 

17 

1660 

15.2 ± 1.4 


•Units are as follows: T (K); P (torr); [0 3 L [CX’/U dO 11 per cm 3 ); (s' 1 ); * 3 dO' 14 cm 3 

molecule' 1 s' 1 ). * 

^ All experiments were done with N 2 buffer gas at 5 cm s' 1 linear flow rate. The laser repe- 
tition rate was varied from 1 Hz (typical) to 5 Hz. The typical 0( 3 P) loss rate in the absence of 
HBr was 80 s' 1 . 

e N * number of pseudo first order decays measured. 

4 Error is 2a and represents precision only. 


Arrhenius plot for reaction (3) is shown in Figure 5. A linear least squares 
analysis of the In k 3 vs. T~ l data gives the Arrhenius expression 

k 3 (T) = (5.11 ± 2.82) x 10““ exp[-(1450 ± 160)/7] cm 3 molecule" 1 s' 1 . 

Errors in the above expression are 2 a and represent precision only. We es- 
timate the absolute uncertainty (2cr) in k 3 (T) at any temperature within 
the range of our study (250-402 K) to be ±15 9c. 



[HBr] (ItTmole cults per cm 1 ) 

Figure 4. Plots of k ' vs. [HBr] for data from our study of the 0 ( 3 P) + HBr reaction at 
100 torr total pressure. Lines are obtained from linear least squares analyses and give 
the following rate coefficients in units of 10~ 14 cm 3 molecule' V 1 : 1.65 i 0.09 at 250 K, 
2.55 - 0.09 at 272 K, 3.65 ± 0.15 at 298 K. 7.12 ± 0.53 at 345 K, and 15.2 z: 1.4 at 
402 K; errors are 2 a and represent precision only. 
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1000/KK) 

Figure 5. Arrhenius plot for the reaction of 0 ( 3 P) with HBr. Solid line is obtained 
from a least squares analysis of all data. Dashed line is obtained from a least squares 
analysis of all data at T ^ 298 K. Dotted line is obtained from a least squares analysis 
of all data at T £ 298 K. The data point at 298 K (open circle) actually represents the 
average of four separate * 3 (298 K> determinations (see Table III for individual rate 
coefficients). 


The kinetics of reaction (3) have been studied by four other groups over 
the combined temperature range 221-554 K [47-50]; their results are com- 
pared with ours in Table IV. The agreement among all studies is excellent, 
especially considering the diversity of experimental methods employed. 
Broida et al. [17] recently reported very good agreement between the experi- 


Table IV. Comparison of results obtained from kinetics studies of the 0( 3 P) + HBr reaction. 


Investigators 

Technique* 

Range of T h 

A' 

E/S* 

* 3 f298K) c 

Takacs & Glass [47] 

DF-ESR 

289 



4 4 

Brown & Smith [48] 

DF-CL 

267-430 

400 

1360 

4.2 

Singleton & Cvetanovic [49] 

MM-CL 

298-554 

1340 

1810 

3.52 

Nava et al. [50] 

FP-RF 

221-455 

673 

1540 

3.37 



298-455 

1100 

1720 


Broida et al. [17] 

QTC 

200-550 

530 

1410 

3.9 



300-550 

795 

1590 


This Work 

LFP-RF 

250-402 

511 

1450 

3.55 



298-402 

951 

1670 



*DF * discharge flow; ESR * electron spin resonance; CL * chemiluminescence; MM = 
molecular modulation; FP * flash photolysis; RF * resonance fluorescence; QTC * quasi- 
classical trajectory calculation; LFP * laser flash photolysis. 
b Units are degrees Kelvin. 

‘Units are 10~ 14 cm 3 molecule' 1 s" 1 . 
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mental results [47-50] and their own quasiclassical trajectory calculations 
which were carried out on a London-Eyring-Polanyi-Sato semiempirical 
potential energy surface. McKendrick et al. [15] have used the same poten- 
tial energy surface to calculate the energy partitioning in the products of 
reaction (4), and have obtained good agreement with their experimental 
product state distributions. It is interesting to note that the theoretical re- 
sults of Broida et al. predict slightly nonArrhenius behavior for reac- 
tion (3) over the temperature range of our study. Both our results and the 
results of Nava et al. [50] seem to show a slight trend toward increasing 
activation energy with increasing temperature, as predicted by Broida 
et al.’s calculations. For example, the rate coefficients we have measured at 
T < 298 K suggest an activation energy of 2.36 ± 0.36 kcal mol" 1 while 
the rate coefficients we have measured at T ^ 298 K suggest an activation 
energy of 3.32 ± 0.37 kcal mol" 1 (errors are 2cr and represent precision 
only). 

CK 2 P ) + HBr 

Results from our study of reaction (4) are summarized in Table V and 
plots of k' vs. [HBr] at the temperature extremes of our study are shown 
in Figure 6. An Arrhenius plot for reaction (4) is shown in Figure 7. A 
linear least squares analysis of the In k 4 vs. T~ l data gives the Arrhenius 
expression 

k 4 (T) = (2.25 ± 0.56) x 10' 11 exp[-(400 ± 80 )/T] cm 3 molecule' 1 s" 1 . 


Table V Kinetic data for the reaction of Cli 2 P' with HBr ,b 


T 

P 

icy 

ICK’PiJo 

N c 

^ mjL* 


257 

100 

110-470 

0.6-2. 7 

10 

9800 

5.06 - 0.35 

260 

100 

120 

1.2 

7 

8160 

4 96 £ 0.19 

272 

100 

160 

1.1 

6 

8290 

5.15 £ 0 13 

294 

100 

100 

1.1 

11 

7960 

5.39 £ 0.34 

298 

30 

170 

1.6 

5 

6780 

5 37 * 0.31 

298 

100 

60-230 

0.3-3. 6 

13 

8230 

5.55 £ 0.28 

298 

100 

170 

2.7 

6 

11400 

5.64 - 0.23 

298 

100 

200 

1.6 

7 

7600 

5.63 £ 0.23 

298 

300 

200 

2.0 

5 

7850 

5.84 - 0.20 

304 

100 

100 

1.0 

8 

8710 

5.90 £ 0.34 

319 

100 

190 

1.9 

6 

7280 

5.94 £ 0.37 

320 

100 

90 

1.0 

7 

7580 

6.12 £ 0.20 

347 

100 

200 

1.7 

6 

7760 

7.14 £ 0.36 

372 

100 

180 

1.5 

6 

10900 

8.27 £ 0.43 

404 

100 

210 

2.0 

14 

8720 

8.56 £ 0 46 


"Units are as follows: T (K); P (torr); (C1 2 1, lCl( 2 P)Jo (10 n per cm 3 ); k ^ (s' 1 ); k 4 ( 10 " 12 cm 3 
molecule*’ s" 1 ). 

b All experiments were done with N 2 buffer gas at a flow rate of *5 cm s" 1 . The laser repeti- 
tion rate was typically 1 Hz, although this was vaned up to 5 Hz. The typical C1( 2 P) loss rate 
in the absence of HBr was 180 s* 1 . 
f A T = number of pseudo first order decays measured. 
d Error is 2<r and represents precision only. 
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Figure 6. Plots of k' vs. [HBr] for data obtained at the temperature extremes of our 
C1( 2 P) + HBr study. Lines are obtained from linear least squares analyses and give the 
rate coefficients 5.04 ± 0.35 at 257 K and 8.56 r 0.47 at 404 K in units of 10 " n cm 3 
molecule" l s" 1 ; errors are 2cr and represent precision only. 


Errors in the above expression are 2c r and represent precision only. As we 
discuss below, heterogeneous dark reaction between Cl 2 and HBr was a 
problem in this study. For this reason, the absolute uncertainty (2a) in 
* 4 (D at any temperature within the range of our study (257-404 K) is 
relatively large, and is estimated to be ±25%. 

Systematic variations in experimental parameters during the course of 
our investigation demonstrated that it was imperative to inject the C1( 2 P) 




1000/KK) 

Figure 7. Arrhenius plot for the reaction of C1( 2 P) with HBr. The solid line is obtained 
from a linear least squares analysis. 
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precursor (Cl 2 ) into the reaction mixture close to the reaction zone. As the 
contact time between Cl 2 and HBr in the flow system was increased, the ob- 
served C1( 2 P) decay rate increased. When relatively large Cl 2 concentrations 
were employed, a decrease in the HBr concentration (measured down- 
stream from the mixing point) was observed. This phenomenon has been 
observed previously [35] and appears to be attributable to the reactions 


Wen and Noyes [74] have estimated upper limits for the homogeneous gas 
phase rate coefficients k n and fc 13 to be 1.3 x 10 -21 cm 3 molecule -1 s -1 and 
2.5 x 10" 20 cm 3 molecule' 1 s' 1 respectively, but have observed that 
reactions (12) and (13) are surface catalyzed. As shown in this study, the- 
reaction of C1( 2 P) with Br 2 is very fast. The reaction 


is also quite fast, with k l4 ca. 1.5 x 10' 11 cm 3 molecule -1 s -1 [43]. 

The results reported in Table V were all obtained under experimental 
conditions where we believe the interference from reactions (12) and (13) 
was negligible. The following observations support this contention: 

(1) For Cl 2 concentrations of 1-7 x 10 13 molecules per cm 3 , k' was found 
to increase linearly as a function of HBr concentration (over the range 0 to 
1.5 x 10 15 molecules per cm 3 ) while the resonance fluorescence signal 
strength was independent of the quantity [HBr]//*[Cl 2 ] 0 (/*= laser fluence 
and [Cl 2 ] 0 = molecular chlorine concentration calculated assuming no loss 
due to dark reaction); this suggests negligible loss of Cl 2 via dark reaction. 

(2) The average of k' values at [HBr] = 0 calculated from linear least 
squares analyses of the k' vs. [HBr] data was ca. 60s -1 higher than the di- 
rectly measured background C1( 2 P) decay rate. If the observed increase is 
attributed entirely to production of Br 2 via reactions (12) and (13) then, 
based on our measured values for A 2 (D, about 3 x 10 1] Br 2 per cm 3 are 
generated (apparently) by a dark reaction which occurs when small 
amounts of HBr are added to the reaction cell but "saturates” and does not 
become faster with increasing [HBr]. For the range of Cl 2 and HBr concen- 
trations used to obtain the data in Table V, production of 3 x 10 n Br 2 per 
cm 3 would be accompanied by a drop in [Cl 2 ] of ca. 1% and a negligible 
change in [HBr]. 

(3) For [Cl 2 ] ^7 x 10 13 molecules per cm 3 and for Cl 2 injection into the 
flow near the reaction zone, measured rate coefficients, <fe 4 (D, were found 
to be independent of Cl 2 concentration and injector position. In these exper- 
iments the injector position was varied over the range 1 to 5 cm upstream 
from the reaction zone, corresponding to a pre-flash contact time between 
Cl 2 and HBr of 0.2 to 1.0 seconds. 

There have been several previous investigations of the kinetics of 
reaction (4). Moore and coworkers [33-35] studied reaction (4) by observ- 
ing the time-resolved infrared emission from vibrationally excited HC1 
product. Rubin and Persky [45] measured k 4 (T) relative to reaction (14) in 
a discharge flow system. 


( 12 ) 

(13) 


HBr + Cl 2 * BrCl + HC1 

HBr + BrCl ► Br 2 + HC1 


(14) 


C1( 2 P) + BrCl ► Clj + Br( 2 P„) 


(14) 


C1( 2 P) + CjHg ► 


HC1 + C S H, 
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Lamb et al. [46] studied reaction (4) using the very low pressure reactor 
(VLPR) technique. Using an apparatus similar to that employed by Moore 
and coworkers [33-35], Nesbitt and Leone [36] reported a value for k A 
(298K) from their study of the Cl 2 /HBr laser initiated chain reaction. More 
recently, Dolson and Leone [37], also using an infrared chemiluminescence 
(IRCL) technique but with improved wavelength resolution, re-investigated 
the Cl 2 /HBr laser-initiated chain reaction and, in the process, re-measured 
A 4 (T). Several theoretical calculations of k A are also reported in the litera- 
ture [21-23,32]. Our results are compared with all previous studies of the 
kinetics of reaction (4) in Table VI. 

It can be seen from inspection of Table VI that significant discrepancies 
exist in measured values for k 4 (298 K) and in measured activation ener- 
gies for reaction (4). Dolson and Leone [37] suggest that in all earlier IRCL 
studies [33-36], where the infrared emission was poorly resolved, k A {T) 
may have been underestimated due to vibrational cascading into the levels 
being detected. Dolson and Leone demonstrated that improper accounting 
for vibrational cascading could lead to the nonArrhenius temperature de- 
pendence reported by Mei and Moore [35]. The relatively fast rate coeffi- 
cient reported by Dolson and Leone agrees well with the competitive 


Table VI. Comparison of results obtained from kinetics studies of the C1( 2 P^ + HBr reaction. 


Investigators 

Technique* 

Range of T h 

A c 

E/R* 

k A ( 298 Ki c 

Wodarcyzk & Moore [34] 

LFP-IRCL 

295 



7.6 d 

Bergmann & Moore [33] 

LFP-IRCL 

295 



7.4 d 

Mei & Moore [35] 

LFP-IRCL 

218-402 

40' 

460* 

8.5 r 

Nesbitt & Leone [36] 

LFP-IRCL 

298 



7.9 

Rubin & Persky [45] 

DF-MS-CK 

222-504 

41* 

411* 

10. 3 f 

Lamb et al. [46] 

VLPR-MS 

267-333 

3 4 

0 

3 4 

Dolson & Leone [37] 

LFP-IRCL 

298 



10.2 

Douglas et al. [21] 

CTC 

h 

h 

360 

h 

Brown et al. [23] 

QTC 

298 



50‘ 

Smith [22] 

CTC 

300-1000 

j 

j 

4.7 k 

Broida & Persky [32] 

QTC 

220-500 

34“ 

410“ 

8.1 

This Work 

LFP-RF 

257-404 

22.5 

400 

4.9 f 


1 LFP = laser flash photolysis; IRCL * infrared chemiluminescence; DF * discharge flow; 
MS * mass spectrometry; CK = competitive kinetics; VLPR * very low pressure reactor; 
RF * resonance fluorescence, QTC * quasi -classical trajectory calculation; CTC * classical 
trajectory calculation. 
b Units are degrees Kelvin. 

'Units are 10' u cm 3 molecule" 1 s' 1 . 

4 T - 295 K. 

•For 218-298 K data only; nonArrhenius behavior observed at T > 298 K. 

Calculated from Arrhenius parameters. 

•Calculated assuming the following Arrhenius expression for the Cl + C*H« reference reac- 
tion (71,75): k « 7.7 x 10" 1J exp(-90/T) cm 3 molecule' 1 s' 1 . 
h Activation energy reported but temperature range and absolute rate coefficients not given. 
'Assuming units in ref. [23] were meant to be cm 3 mol' 1 a" 1 . 

J A(1000 K) - 8.9*(300 K). 
k T « 300 K. 

* Arrhenius fit to rate coefficients calculated at 220 K, 300 K, and 500 K Slightly non- 
Arrhenius behavior actually computed with 220 K and 300 K results giving E/R ca. 300 K 
while 300 K and 500 K results give E/R ca. 500 K. 
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kinetics result of Rubin and Persky [45], when the currently recommended 
Arrhenius expression for k u (T) [71,75] is used to put the Rubin and Persky 
result on an absolute scale. The VLPR study of Lamb et al. [36] employed 
much different experimental conditions than all other studies of reac- 
tion (4) (i.e., 5 mtorr total pressure, [Cl] ca. [HBr] ca. 5 x 10 11 per cm 3 ); 
these investigators report a value for k 4 (298 K) which is about a factor of 
three lower than the values reported by Dolson and Leone and by Rubin 
and Persky, and observe no temperature dependence for k 4 over the range 
267-333 K. Lamb et al. present mass balance data which suggests no prob- 
lem with wall reactions. These authors also present an entropy calculation 
for reaction (4) which suggests an A-factor of 6 x 10" 12 cm 3 molecule" 1 s' 1 , 
significantly smaller than other experimental determinations (including 
ours). It is well established that a significant fraction of the HC1 product of 
reaction (4) is formed in the second excited vibrational level [19,37]. Under 
the conditions employed by Lamb et al., it is possible that occurrence of the 
slightly exothermic back reaction 

(15) Br( 2 P 32 ) + HCKw = 2) > Cl ( 2 P„) + HBr(v = 0) 

could have resulted in underestimation of k 4 . All other experimental stud- 
ies employed conditions where [HBr] [C1( 2 P)] and, therefore, would not 
have been influenced by reaction (15). 

The calculated rate coefficient reported by Brown et al. [23] appears to 
have been printed incorrectly in ref. [23] since the authors claim good 
agreement with the early experimental work of Wodarczyk and Moore [24] 
even though the value for fc 4 (298 K) which appears in their article, 30.2 x 
10 12 cm 3 molecule' 1 s" 1 [23], is absurd. Rubin and Persky [34] suggest that 
Brown et al.’s rate coefficient is actually in units of cm 3 mol" 1 s" 1 ; dividing 
Brown et al.’s reported value by Avogadro’s number gives k 4 {298 K) = 

5.0 x 10' 11 cm 3 molecule" 1 s"\ much faster than all experimental values. 
Smith [22] has carried out a classical trajectory study of reaction (4) and 
reports £ 4 (300 K) = (4.7 ± 0.8) x 10’ 12 cm 3 molecule' 1 s' 1 , in excellent 
agreement with our result. A quasi classical trajectory calculation of k 4 (T) 
was recently reported by Broida and Persky [32]; their result, k 4 (300 K) = 

8.1 x 10' 12 cm 3 molecule" 1 s" 1 , is intermediate between our experimental 
value and the experimental values reported by Dolson and Leone [37] and 
by Rubin and Persky [45]. Comparison of experimental and theoretical val- 
ues for k 4 at ambient temperature is probably not very meaningful since 
the potential energy surfaces used in the trajectory calculations [22,32] 
were adjusted to give reasonable agreement with experimental values 
for k 4 (298 K). 

The activation energy for reaction (4) obtained in our study, 0.8 kcal 
mol" 1 , agrees well with the activation energy reported by Rubin and 
Persky [45] and with the low temperature activation energy reported by 
Mei and Moore [35], but is in poor agreement with the result ca. 0 re- 
ported by Lamb et al. [46]. Smith [22] has calculated k 4 at 300 K and 
1000 K and finds that * 4 increases by a factor of 8.9 between these two tem- 
peratures. Assumption of a linear In k 4 (T) vs. T" 1 dependence between 
300 K and 1000 K would lead to an activation energy of 1.9 kcal mol’ 1 from 
Smith’s calculated rate coefficients, considerably larger than all experi- 
mental values (obtained from data at T < 504 K). It is possible that E get in- 
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creases with increasing T between 500 K and 1000 K. In fact, the rate 
coefficients calculated by Broida and Persky [32] at 220 K, 300 K, and 
500 K suggest just such a trend, increasing £ %cl with increasing T. Both 
the magnitude and the temperature dependence of E tci calculated by 
Broida and Persky are consistent with our results. However, the scatter in 
our data prevents us from stating conclusively that we observe nonArrhe- 
nius behavior. 


Summary 

The laser flash photolysis-resonance fluorescence technique has been em- 
ployed along with in situ monitoring of the excess reagent to study the tem- 
perature dependence of the thermal rate coefficients for reactions (1M4). 
The rate coefficient for reaction (1) has been found to be (2.03 ± 0.30) x 
10~ n cm 3 molecule" 1 s" 1 independent of temperature over the range 255- 
350 K, in reasonable though not quantitative agreement with previous 
work [38-42] and about 40 % faster than the currently recommended [71] 
value. The first temperature dependence study of the kinetics of reaction (2) 
is reported. We find that k 2 = (1.58 ± 0.36) x 10" 10 cm 3 molecule" 1 s” 1 
independent of temperature; our value for £ 2 (298 K) agrees reasonably 
well with the rate coefficients reported previously by Clyne and coworkers 
[43,44]. Reaction (3) was studied over the temperature range 250 K to 
402 K. As predicted by a recent theoretical study [17], our data are sugges- 
tive of a slightly nonArrhenius temperature dependence; best fit activation 
energies over various temperature ranges are 2.36 ± 0.32 kcal mol" 1 for 
250 K < T < 298 K, 3.32 ± 0.37 kcal mol' 1 for 298 K < T < 402 K, and 
2.88 ± 0.32 kcal mol' 1 for 250 K < T < 402 K. Values for k 3 (T) obtained 
in our study agree well with those reported previously [47-50]. Our results 
for reaction (4) are adequately described by the Arrhenius expression 
k^T) = 2.25 x 10' 11 exp(-400/D for 257 K < T < 404 K although an ac- 
tivation energy which increases slightly with increasing temperature 
would also be consistent with our data. Due to problems with a heteroge- 
neous dark reaction between HBr and Cl 2 the absolute uncertainty (2<r) in 
k^T) at any temperature within the range studied is relatively high, and 
is estimated to be ±25#. The values for k^T) reported in this study are in 
rather poor agreement with all previously reported experimental rate coef- 
ficients [33-37,45,46]. 
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Reversible idduct formation in the reaction of G( 2 Py) with CS 2 has been observed over the temperature range 193-258 
K by use of time-resolved resonance fluorescence spectroscopy to follow the decay of pulsed-Iaser-generated CI( 2 Pj) into 
equilibrium with CS 2 C1. Rate coefficients for CS 2 C1 formation and decomposition have been determined as a function of 
temperature and pressure; hence, the equilibrium constant has been determined as a function of temperature. A second-law 
analysis of the temperature dependence of K r and beat capacity corrections calculated with use of an assumed CS5CI structure 
yields the following thermodynamic parameters for the association reaction: OJT* m ■ -10.5 ± 0.5 kcal mol -1 , £Jf° 0 * -9.5 
± 0.7 kcal mol" 1 , &S* 2 m * ”26.8 ± 2.4 cal moT 1 deg" 1 , and A/Z^fCSjCl) * 46.4 ± 0.6 kcal moT’. The resonance fluorescence 
detection scheme has been adapted to allow detection of G( 2 Py) in the presence of large concentrations of 0 2 , thus allowing 
the C^Cl + 0 2 reaction to be investigated. We find that the rate coefficient for CS 2 C1 4* 0 2 reaction via all channels that 
do not generate Cli^j) is <2.5 X 10"'* cm 3 molecule' 1 s' 1 at 293 K and 300-Ton total pressure and that the total rate coefficient 
is <2 x 10~ 15 cm 3 molecule' 1 s' 1 at 230 K and 30-Ton total pressure Evidence for reversible adduct formation in the reaction 
of CI( 2 P y ) with COS was sought but not observed, even at temperatures as low as 194 K. 


Introduction 

It is now well established that the reaction of OH radicals with 
CS 2 in air proceeds via a complex three-step mechanism involving 
formation of a weakly bound adduct that reacts with 0 2 to form 
products in competition with unimolecular decomposition back 
to reactants. , “ 4 Recently, Martin et al. 5 reported results from 
a steady-state-photolysis-competitive-kinetics-end-produa analysis 
study that suggest that chlorine atoms react with CS2 via a similar 
mechanism 

Cl( 2 Py) + CS 2 + M — CS 2 CI + M (1) 

CS 2 CI + M — C1( 2 P j) + CS 2 +M (-1) 

CS 2 CI + 0 2 — products (2) 

In this study, we report direct kinetic observations that test the 
above mechanism and allow determination of rate coefficients for 
reactions 1,-1, and 2 as well as the CS 2 C1 heat of formation. A 
few experiments that examine the related reactions of G(*Py) with 
COS are also reported. 

Experimental Technique 

The laser flash photolysis-resonance fluorescence apparatus 
used in this study was similar to one we have employed previously 
in a number of studies of chlorine atom kinetics. 4 "* Some 
modifications were required in order to facilitate G(*Py) detection 
m the presence of relatively large concentrations of Oj. Important 
features of the apparatus are described below. 

A Pyrex, jacketed reaction cell with an internal volume of ~ 1 50 
cm 3 was used in most experiments, 10 while a newly constructed 
Pyrex, jacketed cell with a similar internal volume was used in 
a few experiments with 0 2 buffer gas. The new reaction cell was 
specifically designed to minimize the path of fluorescence exci- 
tation radiation and emitted fluorescence through O^; a schematic 
of the new cell is shown in Figure 1. Both cells could be 
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maintained at a constant temperature by circulating ethylene 
glycol or 50% methanol/50% ethanol from a thermostated bath 
through the outer jacket. A copper-constantan thermocouple with 
a stainless steel jacket was injected into the reaction zone through 
a vacuum seal, thus allowing measurement of the gas temperature 
under the precise pressure and flow rate conditions of the ex- 
periment. 

Cl( 2 Py) was produced by 355-nm pulsed laser photolysis (third 
harmonic, Nd:YAG laser) of Cl 2 ; the laser pulse width was 6 ns. 
The laser was typically operated at a fluence of 5-10 mJ/pulse 
and a repetition rate of 2 Hz, although 50 mJ/ pulse at a repetition 
rate of 10 Hz was attainable. 

A chlorine resonance lamp, situated perpendicular to the 
photolysis laser, excited resonance fluorescence in the photolytically 
produced atoms. The resonance lamp consisted of an electrodeless 
microwave discharge through about 1 Ton* of a flowing mixture 
containing a trace of Cl 2 in He. The flows of a 0.1% Cl 2 in He 
mixture and pure He into the lamp were controlled by separate 
needle valves, thus allowing the total pressure and Cl 2 concen- 
tration to be adjusted for optimum signal-to- noise ratio. Radiation 
was coupled out of the lamp through a magnesium fluoride window 
and into the reaction cell through a magnesium fluoride lens. 
Before entering the reaction cell, the lamp output passed through 
a flowing gas filter. For detection of chlorine atoms in N 2 buffer 
gas, the filter gas was normally a dilute NjO/N; mixture; the NjO 
level was adjusted to attenuate virtually all oxygen atom impurity 
emissions from the lamp (130-131 nm) while transmitting the 
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Figure 1 Diagram of reaction cell designed to minimize the path length 
of CI( 2 P y ) resonance radiation through in absorbing gas in the reaction 
mixture. The bottom port is used for fluorescence detection. 

chlorine lines in the 135-140-nm region. 

Fluorescence was collected by a magnesium fluoride lens on 
an axis orthogonal to both the photolysis laser beam and the 
resonance lamp beam and imaged onto the photocathode of a 
solar-blind photomultiplier. The region between the reaction cell 
and the photomultiplier was purged with N 2 . For detection of 
chlorine atoms in N 2 buffer gas, a calcium fluoride window was 
placed between the reaction cell and photomultiplier to prevent 
lamp emissions at wavelengths shorter than 125 nm (Lyman-a 
emission for example) from reaching the photomultiplier. Signals 
were processed by photon-counting techniques in conjunction with 
multichannel scaling. The multichannel analyzer sweep was 
triggered prior to the laser Q switch to allow a pretrigger base 
line to be obtained. 

In order to avoid the accumulation of photolysis or reaction 
products, all experiments were carried out under “slow-flow” 
conditions. The linear flow rate through the reactor was (typically) 
3 cm s’ 1 , and the laser repetition rate was (typically) 2 Hz: Hence, 
no volume element of the reaction mixture was subjected to more 
than a few laser shots. CS 2 , COS, Oj, and Cl 2 were flowed into 
the reaction cell from 12-L bulbs containing dilute mixtures in 
nitrogen, air, or oxygen buffer gas. The reactant mixture, chlorine 
mixture, and additional buffer gas were premixed before entering 
the reactor. The concentrations of each component in the reaction 
mixture were determined from measurements of the appropriate 
mass flow rates and the total pressure. Concentrations of CS^ 
COS, and 0 3 were also measured in situ in the slow-fiow system 
by UV photometry. Monitoring wavelengths, light sources, ab- 
sorption path lengths, and absorption cross sections relevant to 
the photometric measurements are summarized in Table 1. 

The pure gases used in this study had the following stated 
minimum purities: N 2 , 99.999%; 0 2 , 99.99%; Cl 2 , 99.99%; COS, 
97.5%. Air was ultra zero grade with total hydrocarbons less than 
0. 1 ppm. Nitrogen, oxygen, and air were used as supplied. 
Chlorine was degassed at 77 K before use. The COS sample was 
purified by degassing at 77 K after passage over ascarite. 11 
Carbon disulfide was Aldrich Gold Label with a stated purity of 


TABLE I: Parameters Relevant to ia Situ Monitoring of CS* COS, 
and 0 3 


species 

X, nm 

10“ff, cm ! 

path length, cm 

CS 2 

312.6, 313.2* 

7.08 

115,216 

CS 2 

213.9* 

340 

15.1, 115 

cos 

228.8' 

27.0 

115 

o 3 

253.7' 

1150 

216 

'Light source: 

Hg pen ray lamp. 

* Light source: 

Zn hollow cathode 

lamp. 'Light source: Cd pen ray lamp. 




Figure 2. Typical Cl( 2 Py) temporal profiles observed following pulsed 
laser photolysis of CI 2 /0 3 mixtures in 300 Torr of air at 293 K In all 
experiments shown in the figure. (Cl 2 ) * 1.0 x 10 14 molecules/cm 3 and 
[Cl( 2 Py)) 0 • 10 x 10 12 atoms/cm 3 . (0 3 ) ( 1 0 13 molecules/cm 3 ) • (a) 
0, (b) 1.81, (c) 5.19, and (d) 9.68 Number of laser shots averaged * 
(a) 500. (b) 1000. (c) 1500, (d) 4000 Solid lines are obtained from 
least-squares analyses and give the following pseudo-first-order decay 
rates (s' f ): (a) 83. (b) 336, (c) 679, and (d) 1160. 

99+%. Before use, the liquid CS 2 sample was transferred under 
nitrogen atmosphere into a vial fitted with a high-vacuum stopcock, 
degassed at 77 K, and then purified by trap-to-trap distillation 
(210-77 K). Ozone was prepared in a commercial ozonator with 
UHP oxygen. It was collected and stored on silica gel at 195 K 
and degassed at 77 K before use. 

One aspect of this work that differs from all previous studies 
of chlorine atom kinetics in our laboratory is the use of time- 
resolved resonance fluorescence spectroscopy as a CK^Py) detection 
technique in the presence of large levels of oxygen. An accidental 
overlap of the 1 18.9-nm chlorine doublet ( 2 D j/2 j / 2 - 2 P 3/2 transi- 
tions) with a ^window* in the 0 2 absorption s pea rum makes such 
an experiment feasible. A 1 atm-cm amount of air completely 
absorbs all lines of the 2 I> 2 P, 2 P-*P, and 4 P-*P chlorine multisets 
except the 1 18.9-nm doublet, which is only attenuated by about 
a factor of 2. 12 Use of 1 18.9 nm as the resonant wavelength for 
CK^y) detection requires that all optics in the deteaion train be 
magnesium fluoride or lithium fluoride; hence, no filter for Ly- 
man-a radiation could be employed. In most experiments, the 
filter cell between the resonance lamp and the reactor was flushed 
with N 2 , i.e., most of the lamp output was absorbed by 0 2 in the 
reactor (but far removed from the region where the photolysis 
beam and probe beam crossed). As a check, some experiments 
were carried out with N 2 replaced by dry air as the filter gas. 
Observed kinetics were independent of this variation — only signal 
strengths were affected. 

To test the integrity of our scheme for studying chlorine atom 
kinetics in the presence of 0 2 , the well-studied Cl + 0 3 reaction 
was investigated at 293 K in 300-Torr air. Typical pseudo- 


(II) Fnedl. R. R Dissertation, Hirvird University. 1984. 
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Figure 3. Plot of the pseudo* first-order chlorine atom decay rate, k \ as 
a function of the 0 3 concentration. Experimental conditions: T ■ 293 
K, P * 300 Torr of air, (C1J * 1.0 X 1 0 14 molecules/cm 3 , (Cl( 2 P y ) J ■ 
1.0 x 10 12 (•) or 4.0 x 10" (O) atoms/cm 3 . The solid line is obtained 
from a linear least-squares analysis and gives the bimolecular rate 
coefficient (1.12 ± 0.08) x 1CT 11 cm 3 molecule* 1 s* 1 where the uncertainty 
is 2 a and represents precision only. 

first-order Cl( 2 P y ) decays observed in the Cl + 0 3 experiment are 
shown in Figure 2; the photolytically produced chlorine atom 
concentration in all four experiments shown in Figure 2 was 1.0 
X }0 12 atoms/cm 3 . A plot of the pseudo-first-order chlorine atom 
decay rate as a function of the ozone concentration is shown in 
Figure 3. The slope of this plot gives a bimolecular rate coefficient 
of (1.12 ± 0.08) X ICT 11 cm 3 molecule" 1 s" 1 where the uncertainty 
is 2e and represents precision only. Agreement with the literature 
value 13 of 1.16 x I0" n cm 3 molecule" 1 s" 1 is excellent. The results 
shown in Figures 2 and 3 clearly demonstrate that time-resolved 
resonance fluorescence spectroscopy is a viable detection scheme 
for flash photolysis studies of chlorine atom kinetics in the presence 
of large levels of 0 2 . 

Results and Discussion 

As mentioned above, Cl( 2 P y ) was produced by 355-nm pulsed 
laser photolysis of Cl 2 . 

Clj + Ax (355 nm) — »«Cl( I P, / ,) + (2 - n)Cl( J P l/2 ) (3) 

Reported rate coefficients for quenching of the spin-orbit excited 
state, Cl( 2 P, /2 ). by N : and 0 2 are in the range (4.0-6. 5) x 10" 13 
cm 3 molecule" 1 s" 1 and (1.3-230) x ]0" 13 cm 3 molecule" 1 s" 1 , 
respectively. 14 * 15 Hence, for the N 2 , 0 2 , and CS 2 levels employed 
in this study (Table II), relaxation of C1( 2 P, # 2 ) was greater than 
10 times more rapid than chemical removal of Cl( 2 P y ), and all 
measured CI( 2 P y ) temporal profiles can be considered as repre- 
sentative of the removal of an equilibrium mixture of Cl( 2 P l/2 ) 
and CJ( 2 P 3 / 2 ). The equilibrium fraction of chlorine atoms in the 
2 P,/ 2 state ranges from 0.0013 at 190 K to 0.015 at 300 K. 

The CS 2 absorption cross section at 355 nm is very small (<1 
X !0" 21 cm 2 ). 1 * in the presence of 0 2 buffer gas, electronically 
excited CS; can react with 0 2 to produce CS 4* S0 2 ; the quantum 
yield for chemical reaction is thought to be a few percent. 17 Under 
the conditions of our experiments with 0 2 buffer gas, CS produced 
via the above mechanism was about 100 times lower in concen- 
tration than C1( 2 P j) produced via Cl 2 photolysis. Hence, side 
reactions involving CS that produce or destroy Cl(*Pjr) could not 


(13) DeMore, W. B ; Molina, M. J.; Sander, S. P.; Golden, D. M.; 
Hampaon, R. F.; Kuryk), M. J.; Howard, C. J.; Ravishantara, A. R. Chemical 
Kinetics and Photochemical Data for Use in Stratospheric Modeling JPL 
Publication No. 87-41; Jet Propulsion Laboratory: Pasadena, CA, 1987. 

(14) Clark, R. H.; Humin, D. J Chem Soc., Faraday Trans. 2 1984, 80, 
97. 

(15) Sotnichenko, S. A.; Bokun, V. Cb.; Nadkhin. A. I. Chem Phys. Lett. 
1988, 153. 560. 

(16) Rabalais. J. W.; McDonald, J. M.; Scberr, V.; McGlyrm, S. P. Chem. 
Rec 1971. 77,73. 

(17) Jones, B. M. R.; Cox, R. A.; Penkett, S. A. J. Atmos. Chem 1983, 
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Figure 4. Typical Q(*P y ) temporal profile observed following pulsed laser 
photolysis of CIj/CSj/Nj mixtures at temperatures Joe\o^, 260 K The 
laser fired at time * 0. Experimental conditions: T * 222 K, P • 30 
Ton*, (CS 2 J « 2.70 x I0 15 molecules /cm 3 , [Cl 2 ] - 4.8 x 10 ,J mole- 
cules/cm 3 , [Cl( 2 Py)) 0 4.1 X 10 n atoms/cm 3 , 1050 laser shots averaged. 

The solid line is obuined from a nonlinear least-squares analysis that 
yields the following best fit parameters: Q * 2370 s" 1 , X, * -87 s" 1 , X 2 
• -9440 s“‘. The inset shows the same data plotted on a linear rather 
than a logarithmic scale. 

have been a significant interference in any of ojr experiments. 

If the mechanism for the Cl 4 CS 2 reaction proposed by Martin 
et al. 5 is correct, then, in the absence of 0 2 , the Cl( 2 P y ) temporal 
profile should be controlled by the following reactions: 

CI( 2 P y ) + CS 2 4 M — CS 2 C1 4 M (1, -1) 

C1( 2 P f) -* loss by diffusion from the detector field of view 

and reaction with background impurities (4) 

CS 2 C1 loss by processes that do not regenerate Cl( 2 P y ) (5) 

There appear to be no energetically allowed bimolecular channels 
for the Cl + CS 2 reaction. The rate equations for the above 
scheme can be solved analytically as long as all Cl( 2 P y ) and CS 2 C1 
loss processes are first order: 

(C1( 2 P,)], ( Q + X,) exp(X,i) - (Q + X 2 ) exp(X 2 r) 


[Cl( 2 P y )] 0 *i ~ *2 

where 

X, « 0.5((cr 2 - 4/3) 1/2 - a) (II) 

X 2 * -0.5((a 2 - 40) ,/2 + a) (111) 

+ *5 (IV) 

cfQ + kt+k^ [CS 2 ] » -<A, + X 2 ) (V) 

e - W + ^i^s[CS 2 ] - X,X 2 (VI) 


A double-exponential decay is predicted. Good-quality experi- 
mental data could be fit to eq I to obtain values for the three 
parameters X,, X* and Q. Since k 4 is directly measured, the other 
elementary rate coefficients can be obuined as follows: 

*. «-(A| + A 2 + *4+0/[CSJ (VII) 

^■(XjXa-^O/MCSJ (VIII) 

-G-*s OX) 

It should be noted that the parameter Q represents the sum of 
all first-order CS 2 C1 removal processes. Therefore, eqs IV and 
IX require the assumption that the only CS 2 CI removal process 
that regenerates chlorine atoms is reaction -1. 

When C1 2 /CS 2 /N 2 mixtures at 298 K were subjected to 355-nm 
laser flash photolysis, the double-exponential decays predicted in 
the above analysis were not observed. However, at temperatures 
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Figure 5 van't Hoff plot for the equilibrium Cl( 2 Py) + C S 2 — CS 2 C1. 
The solid line is obtained from a linear least-squares analysis; its slope 
gives Atf « -10.34 ± 0.23 kcal moF\ and its intercept gives AS * -25.94 
± 1.02 cal mol' 1 deg' 1 where the uncertainties art 2c and represent 
precision only. 

below 260 K, double-exponential decays became readily observ- 
able. A typical CI^P.,) temporal profile, observed at 7 * 222 
K, P « 30 Torr, [CS 2 ] * 2.70 x 10 15 molecules/cm 3 , is shown 
in Figure 4. A total of 85 temporal profiles were measured at 
temperatures, pressures, and CS 2 levels where double-exponential 
decays were observed; the results obtained from analysis of these 
temporal profiles are summarized in Table II. The equilibrium 
constants, K ^ given in Table II were computed from the rela- 
tionship 

K f « KJRT - k^/k^RT (X) 

Nonlinear least-squares analyses were employed to extract values 
for X,. X 2 , Q , and the extrapolated signal level at t * 0 from the 
experimental temporal profiles. Values for X,, k_,, and K r were 
then calculated. 

A van’t Hoff plot for the equilibrium defined by reactions 1 
and -1 is shown in Figure 5. Since 

In K p - (AS//?) - (LH/RT) (XI) 

the enthalpy change associated with reaction I is obtained from 
the slope of the van’t Hoff plot while the entropy change is ob- 
tained from the intercept. At 221 K, the midpoint of the ex- 
perimental 1/7 range, this “second -law method" yields the results 
LH - -10.24 ± 0.23 kcal moF 1 and AS - -25.94 ± 1.02 cal moF 1 
deg”*, where the errors are 2c and represent precision only. 
Considering potential systematic errors (in the [CS 2 ] and tem- 
perature measurements, for example), we estimate the accuracies 
of the A// and AS determinations to be ±4% and ±8%, respec- 
tively. 

Since no structural information or vibrational frequencies are 
available for CS 2 C1, it is not possible to accurately calculate an 
entropy change for reaction 1. However, to see if our second-law 
value for AS is reasonable, we have carried out an entropy cal- 
culation using an assumed, reasonable structure. We assume that 
Cl binds to the carbon atom to form a planar C1CS2 species. The 
C-S bond lengths are taken to be 1.55 A (identical with that in 
CS 2 ), the C-CI bond length is taken to be 2.0 A, and the S-C-S 
bond angle is assumed to be 150°. The set of assumed vibrational 
frequencies are given in Table HI. At 221 K, the calculation 
gives S(CICS 2 ) * 65.0 cal moF 1 deg" 1 and AS * -26.0 cal mol' 1 
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deg' 1 , i.e., the calculated AS agrees with the experimental value 
within 0.06 cal mol" 1 deg" 1 ! While the degree of agreement is 
clearly fortuitous, we can conclude that our experimental value 
for AS is reasonable. Using our assumed structural parameters 
and vibrational frequencies to calculate heat capacity corrections 
leads to the following thermodynamic parameters: A H° m * -10.5 
± 0.5 kcal mol" 1 , A/Tq “ “9 -5 ± 0.7 kcal mol" 1 , A S* m m -26.8 
± 2.4 cal mol" 1 deg" 1 . In conjunction with known heats of for- 
mation for Ci( 2 P f) and CS^ 3 , our value for A H* 2 n lcads t0 lhc 
result A/WC1CS,) * 46.4 ± 0.6 kcal moF 1 . Uncertainties in 
the above thermodynamic parameters are 2c and include both 
precision and estimates of systematic errors. 

Examination of the experimental results at 7 * 205, 206, 229, 
231, 240, 244, and 256 K (Table II) shows an apparent tendency 
for Kp to vary systematically as a function of pressure. One 
possible explanation for such results is nontbennalization of the 
energized C^Cl adduct before dissociation. However, if adduct 
decomposition occurred from highly vibrationally excited levels, 
then the apparent value for k_j would be larger than the real value 
and K P ( m k 1 /k- } RT~) would be underestimated. Then, if reactions 
1 and -1 were in the fall-off regime such that the adduct relaxation 
rate increased more rapidly with pressure than did k, and k_,, 
K r would appear to increase with increasing pressure. In fact, 
the opposite trend is observed (Table II). It appears, therefore, 
that the tendency for measured values for Kp to decrease with 
increasing pressure is due not to incomplete thermalization of 
CS 2 C1 but rather to small systematic errors in the experimental 
or data analysis procedures. At low temperature and pressure, 
k_, is difficult to determine accurately because reaction 5 can make 
a significant contribution to C^Cl removal. At high temperature 
and pressure, the rate of decay into equilibrium becomes very fast 
and difficult to measure accurately; also, a small error (less than 
1 ns) in defining the exact time that the laser fires can lead to 
significant errors in Kp under high-temperature, high-pressure 
conditions. Another possible systematic error that could explain 
the observed dependence of Kp on pressure would be a pres- 
sure-dependent error in the temperature measurement. Needless 
to say, we are aware of the above-mentioned sources of error and 
have tried our best to minimize them. 

To assess the possible affect of pressure-dependent systematic 
errors on the accuracy of our results, we have carried out two 
additional second-law analyses, one on the 54 experiments carried 
out at 30-Torr total pressure and another on the 31 experiments 
carried out at 60-600- Torr total pressure. The 30-Torr data give 
A// 0 ^, x * -10.41 ± 0.14 kcal mol" 1 and AS° r , K « -26.00 ± 
0.64 cal mol" 1 deg" 1 while the high-pressure data give A//° 225 ic 
* -10.15 ± 0.26 kcal mol" 1 and A5 ° 225 k * -25.49 ± 1.14 cal 
mol" 1 deg' 1 (errors arc 2c, precision only). We conclude that 
pressure-dependent systematic errors have a virtually negligible 
influence on the accuracy of reported thermodynamic parameters. 

Our direct observation of equilibrium kinetics confirms that 
the C1( 2 P/) 4* CS 2 reaction proceeds via reversible adduct for- 
mation as proposed by Martin et al. 5 Removal of CS 2 in Martin 
et al.’s steady-state-photolysis experiments is proposed to result 
from the fact that C^Cl can react with 0 2 in competition with 
reaction -1. To investigate this possibility, we studied the kinetics 
of CI(*Py) removal as a function of CS 2 concentration in 300 Torr 
of N 2 and 300 of Torr lir at the same temperature (293 K) as 
employed by Martin et al. 5 In 300 Torr of N 2 , nonexponential 
Cl( 2 P y ) decays were observed with the decay rate at short times 
after the laser flash, being faster than the decay rate at longer 
times. In 300 Torr of air, CK^) decays were nearly exponential. 
A likely explanation for the nonexponential decays observed in 
N 2 and, to a lesser extent, in air, is given below. Plots of k' versus 
[CS 2 ] for the data obtained in N 2 and air are shown in Figure 
6, where k' is the fast component of the observed decays (first 
5-10 ms after the laser flash). Defining the apparent rate 
coefficient, k ^ to be the slope of the plot of k' versus [CS 2 ], we 
find that k^ M.4 X KF 14 cm 3 molecule* 1 s* 1 in both N 2 and 
air. 

Since there are no energetically feasible bimolecular channels 
for the Cl( 2 Py) 4- CS 2 reaction, the apparent reactivity must be 
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TABLE II: Resuits of tto Cl(*Py) + CSj + Nj CSjCl *f N 2 "Appro* cb- to- Equilibrium" Experiments"* 

concentrations 


T 

P 

Cl, 

CU 

CS, 

Q 

-A, 


*5 

*i 

*-< 

r. 

193 

30 

88 

0.60 

324 

202 

101 

1490 

104 

4.10 

97 

1600 

193 

30 

88 

0.60 

628 

179 

76 

2890 

77 

4.33 

103 

1610 

197 

30 

84 

0.63 

180 

230 

67 

800 

75 

3.34 

155 

802 

197 

30 

84 

0.63 

353 

262 

75 

1350 

82 

3.20 

180 

662 

197 

30 

84 

0.63 

371 

328 

85 

1740 

93 

3.94 

235 

625 

199 

30 

84 

0.63 

713 

329 

73 

2740 

77 

3.44 

252 

503 

201 

30 

84 

0.63 

103 

355 

65 

3870 

67 

3.44 

288 

437 

205 

80 

42 

0.35 

416 

1630 

124 

4380 

158 

6.75 

1470 

164 

205 

80 

57 

0.47 

835 

1 500 

120 

7630 

139 

7.45 

1360 

195 

205 

80 

42 

0.35 

992 

1890 

150 

9520 

170 

7.78 

1720 

161 

205 

80 

42 

0.35 

1710 

1890 

143 

14700 

154 

7.55 

1730 

156 

205 

80 

42 

0.35 

1920 

2180 

231 

16800 

253 

7.72 

1930 

143 

206 

30 

32 

0.36 

346 

580 

69 

1550 

88 

2.91 

492 

211 

206 

30 

32 

0.36 

574 

604 

65 

2 350 

76 

3.11 

528 

210 

206 

30 

32 

0.36 

1260 

622 

57 

4 760 

61 

3.31 

561 

210 

206 

30 

32 

0.36 

3 340 

669 

38 

12400 

38 

3.51 

631 

198 

206 

220 

70 

0.69 

467 

3540 

168 

11500 

221 

17J 

3 320 

•> 186 

206 

220 

70 

0.69 

1430 

4110 

207 

29500 . 

233 

17.9 

3 87Q 

• 164 

206 

600 

91 

0.89 

353 

8 860 

251 

24 600 

362 

45.0 

8500 

189 

206 

600 

91 

0.89 

1 140 

9 330 

211 

54 800 

244 

40.0 

9080 

157 

206 

600 

91 

0.89 

2080 

9 340 

387 

94 400 

422 

41.1 

8 920 

164 

212 

30 

53 

0.33 

356 

828 

73 

1750 

110 

2.73 

718 

132 

212 

30 

53 

0.33 

647 

954 

90 

2 850 

119 

3.04 

835 

126 

212 

30 

53 

0.33 

1250 

970 

92 

4 760 

108 

3.09 

862 

124 

212 

30 

53 

0.33 

2 690 

1060 

123 

8600 

135 

2.84 

922 

107 

221 

30 

32 

0.29 

743 

3 550 

392 

5090 

990 

2.57 

2 540 

33.6 

221 

30 

32 

0.29 

1 500 

2 300 

102 

6160 

146 

2.63 

2150 

40 6 

221 

30 

86 

0.86 

1720 

1840 

136 

5 870 

173 

2.40 

1670 

47.7 

221 

30 

32 

0.29 

3170 

2140 

79 

10600 

94 

2.67 

2050 

43.3 

222 

30 

34 

0.31 

574 

2 450 

68 

3 920 

131 

2.62 

2 320 

37.4 

222 

30 

48 

0.41 

640 

2040 

75 

3 480 

126 

2.31 

1920 

39.8 

222 

30 

48 

0.41 

1080 

2 350 

90 

5140 

132 

2.64 

2210 

394 

222 

30 

48 

041 

1750 

2 370 

96 

6 870 

126 

2.61 

2 250 

38 4 

222 

30 

34 

0.31 

2 300 

2 730 

80 

9 230 

102 

2.85 

2 630 

35.7 

222 

30 

48 

0.41 

2 700 

2 370 

87 

9440 

103 

2.64 

2 270 

38.4 

222 

30 

34 

0.31 

3990 

2 350 

62 

12400 

70 

2.55 

2280 

369 

222 

30 

34 

0.31 

7 470 

3060 

14 

27 200 

154 

3.24 

2910 

36.8 

225 

100 

50 

0.42 

683 

9 990 

116 

14000 

288 

6.03 

9 700 

20.3 

225 

100 

50 

0.42 

1 130 

10 200 

128 

16900 

251 

6.03 

9 920 

19 8 

225 

100 

50 

0.42 

2 540 

11 700 

160 

29 200 

234 

6.96 

11400 

199 

225 

100 

50 

0.42 

5 280 

12 500 

237 

47 800 

297 

6.64 

12 200 

28.1 

229 

300 

67 

0.62 

2220 

41 300 

228 

72 600 

452 

14.2 

40 800 

11.1 

229 

300 

67 

0.62 

5970 

46 800 

446 

148 000 

623 

17.1 

46100 

11.8 

231 

30 

17 

0.14 

1770 

4 470 

44 

7 700 

59 

1.83 

4400 

13.2 

231 

30 

17 

0.14 

3 300 

5110 

85 

12300 

122 

2.19 

4 990 

14.0 

231 

30 

17 

0.14 

4210 

5020 

130 

15000 

178 

2.40 

4 840 

15.7 

231 

30 

17 

0.14 

8 370 

5 330 

114 

23 300 

137 

2.16 

5160 

13.3 

231 

30 

17 

0.14 

12400 

5130 

77 

31000 

86 

2.09 

5040 

13.2 

238 

30 

37 

0.26 

2620 

8040 

75 

13100 

141 

1.96 

7900 

7.65 

238 

30 

37 

0.26 

4 800 

8 420 

96 

17400 

154 

1.87 

8 270 

7.01 

238 

30 

37 

0.26 

8 230 

9 230 

205 

24 900 

303 

1.93 

8 920 

6.67 

238 

30 

37 

0.26 

10800 

8 680 

34 

31 500 

35 

2.11 

8 650 

7.54 

240 

30 

62 

0.44 

4040 

8 580 

61 

15600 

105 

1.75 

8 480 

6.30 

240 

30 

62 

0.44 

8160 

10 900 

269 

26 500 

432 

1.94 

10400 

5.69 

240 

100 

55 

0.50 

3100 

32 200 

99 

45 700 

220 

4.37 

32000 

4.19 

240 

100 

55 

0.50 

4 500 

30 800 

71 

52400 

104 

4.80 

30 700 

4.79 

240 

100 

55 

0.50 

9780 

32600 

35 

82400 

26 

5.10 

32 500 

4.79 

240 

100 

55 

0.50 

12900 

32 500 

242 

96 000 

340 

4.94 

32100 

4.70 

241 

300 

160 

1.4 

13500 

57 400 

480 

194 000 

660 

10.1 

56 800 

544 

244 

30 

56 

0.45 

4 250 

13100 

132 

20800 

288 

1.83 

12800 

4.29 

244 

30 

56 

0.45 

5540 

13 800 

156 

23100 

328 

1.69 

13500 

3.76 

244 

30 

56 

0.45 

7 520 

12900 

208 

28 500 

343 

2.12 

12600 

5.06 

244 

60 

84 

0.86 

5210 

24 800 

202 

40000 

470 

2.95 

24 300 

3.66 

244 

60 

84 

0.86 

10500 

24 700 

350 

56900 

588 

3.09 

24 200 

3.85 

244 

60 

84 

0.86 

14 200 

24 200 

316 

66 600 

475 

3.00 

23 800 

3.80 

244 

120 

87 

0.80 

6 290 

48 800 

287 

82 700 

635 

5.42 

48 200 

3.38 

244 

120 

87 

0.80 

11500 

49 200 

357 

116000 

587 

5.83 

48 600 

3.61 

244 

240 

no 

0.87 

3 990 

82 800 

225 

112000 

656 

7.36 

82 100 

2.70 

244 

240 

120 

098 

5150 

82600 

291 

119000 

873 

7.12 

81700 

2.62 

244 

40 

no 

0.87 

9180 

98 200 

333 

190000 

613 

998 

97 600 

3.08 

246 

30 

33 

0.30 

2550 

12400 

56 

16400 

117 

1.58 

12200 

3.85 

246 

30 

58 

0.56 

5970 

14600 

159 

25 800 

295 

1.89 

14300 

3.97 

246 

30 

33 

0.30 

6 220 

14 200 

86 

25 500 

147 

1.83 

14000 

3.88 

246 

30 

33 

0.30 

9630 

15100 

162 

32600 

270 

1.82 

14800 

3 66 

251 

30 

44 

0.25 

2 690 

14 500 

48 

17700 

108 

1.20 

14400 

244 
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TABLE II (Continued) 


concentrations 


7* 

P 

a, 

CU 

cs, 

Q 



*5 

*1 

*- 1 


251 

30 

44 

0.25 

5210 

20700 

139 

29 500 

377 

1.72 

20 300 

2.47 

251 

30 

44 

0.25 

10300 

19400 

119 

36600 

212 

1.69 

19100 

2.58 

251 

30 

44 

0.25 

14800 

22 600 

430 

50 700 

737 

1.93 

21900 

2.58 

256 

30 

54 

0.50 

3640 

23 900 

44 

28 700 

147 

1.31 

23 700 

1.59 

256 

30 

65 

0.60 

9 560 

24 700 

131 

36 400 

354 

1.24 

24 300 

1.46 

256 

30 

65 

0.60 

17400 

26400 

325 

50 300 

650 

1.39 

25 700 

1.55 

256 

100 

100 

1. 1 

7970 

105 000 

141 

137000 

536 

3.94 

105000 

1.08 

256 

too 

100 

1.1 

13 500 

74000 

93 

120000 

205 

3.41 

73 800 

1.33 

258 

30 

72 

0.51 

8 560 

26100 

163 

37 400 

465 

1.34 

25 600 

1.49 

258 

30 

72 

0.51 

15300 

25100 

128 

46 300 

243 

1.39 

24 800 

1.60 

r Units: T , 1C; P , Torr, concentrations, IO ,2 /cm 3 ; Q, A,, 

Aj, L|, ky, s 1 

; A;,, 1C" 12 cm 3 molecule" 

1 I0 3 atm"'. 




TABLE fTI: VTfcrartoil Fjmggcjg for OCS^ 

vibrational mode wj cm - ’ vibrational mode w* cm -1 

symmetric stretch 650 asymmetric stretch 1530 

scissor 400 CSj wag (350) 

C-CI stretch (500) out-of-plane deformation (500) 

•Vilues in parentheses are more uncertain. 



[CSJ (10 M mo*ocu*a> pm am*) 

Figure 6 Plots of pseudo-first-order chlorine atom decay rates, k \ as a 
function of the CS 2 concentration. Experimental conditions. T * 293 
K. P • 300 Ton. [CIJ - 1.5 X 1 O ' 4 molecules/cm 3 , [CK’PyHo - 1.0 X 
10 12 atoms/cm 3 . The solid lines are obtained from linear least-squares 
analyses and give the apparent bimolecular rate coefficients (1.40 ± 0.33) 
X 10" ,4 cm 3 molecule -1 i* (air) and (1.41 ± 0.20) X I0" ,4 cm 3 molecule" 1 
s* 1 (N 2 ) where the uncertainties are 2c and represent precision only. 

due to an impurity in the CS 2 sample. Unfortunately, we were 
not able to obtain an analysis of the distilled CS? sample. 
However, one likely impurity whose presence would explain the 
observed nonexponential Cl( 2 Py) decays is HjS. Laser flash 
photolysis of Cli/HjS mixtures is known to initiate a chain re- 
action: 11 

CK^y) + HjS — SH ♦ HCl (6) 

SH ♦ Cl 2 - HSCI + CK^y) (7) 

The rate coefficients for reactions 6 and 7 at 298 K are known 
to be 7.3 X 10" 11 and 1.4 X 10" 12 cm 3 molecule” 1 s" 1 , respectively. 11 
An HjS impurity level of 0.02-0.03% would completely account 
for the measured while the occurence of reaction 7 would 
account for the observation of nonexponential CK^y) decays (all 
data shown in Figure 6 were obtained with [Cl 2 | * 1.5 x 10 14 
molecules/cm 3 and [Cl) 0 * 1 x 10 12 atoms/cm 3 ). The larger 
intercept in the A: 'versus [CS 2 ] plot for the data obtained in air 
(Figure 6) suggests that the background chlorine atom decay rate 
in air is larger than in nitrogen. The ‘less nonexponentiaJ* decays 


observed in air reflect the fact that a larger fraction of chlorine 
atoms were removed by nonchain processes in the air experiments 
(due to the faster background chlorine atom decay rate in air). 
It is also possible that 0 2 or an impurity in the air sample sca- 
venged SH effectively in competition with reaction 7^ It should 
be noted that the rate coefficient for the SH + 0 2 reaction is 
thought to be very slow. 19 

If, as suggested above, reactions 6 and 7 can influence observed 
CK^Py) temporal profiles, then two assumptions made in analyzing 
the “approach-to-equilibrium" data (Table II) need to be reev- 
aluated. First, it was assumed that k A was independent of CS 2 
concentration. Also, the derivation of eq I assumes that radical 
species other than Cl( 2 Py) and CS 2 C1 (SH, for example) exert 
a negligible influence on observed chlorine atom temporal profiles. 
To test the validity of the above assumptions, we carried out 
computer simulations of a number of typical approach-toequi- 
librium experiments with and without reactions 6 and 7 included 
in the mechanism. The rate coefficient k 6 was assumed to be 
independent of temperature while was assigned an A factor 
of 1 X 10" 11 cm 3 molecule" 1 leading to an assumed activation 
energy of 1.16 kcal mol" 1 . Because Cl 2 concentrations in the 
approach-to-equilibrium experiments were generally rather low 
(Table II), and because large CS 2 concentrations were employed 
only in experiments where the approach to equilibrium was very 
fast, the influence of reactions 6 and 7 on the approach-to- 
equilibrium data was found to be negligible under all experimental 
conditions employed. 

The results shown in Figure 6 would seem to suggest that the 
effective rate coefficient, A:^, for reaction of Cl( 2 Py) with via 
reactions 1,-1, and 2 in 300 Torr of air at 293 K is very slow. 
However, it should be kept in mind that our experiment is “blind* 
to channels for reaction 2 which result in Cl( 2 Py) regeneration: 

CS 2 Cl + 0 2 — SOC1 + COS -A// « 102 kcal mol’ 1 




(2a) 

— a(*p,) + s, + coj 

-AH • 81 kcal mol’ 1 

(2b) 

— CI( l P y ) + so + cos 

-AH » 50 kcal mol-' 

(2c) 

— S + SCI + CO, 

-AH - 38 kcal mol* 1 

(2d) 

— SO + SCI + CO 

-AH - 35 kcal mo)-' 

(2e) 

— C1CS + so, 


(20 

— CI( J Py) + SO, + CS 

-AH » 10 kcal mol" 1 

(2g) 


With k^ 9 defined to be the effective rate coefficient for reaction 
of Cl( 2 P y) with CS 2 via reactions 1,-1, and those channels of 
reaction 2 that do not produce Cl^y), i.e., channels 2a, 2d, 2e, 
and 2f, the data in Figure 6 show that k^* <5 X 10" 15 cm 3 
molecule" 1 s" r . By comparison, Martin et al., 5 whose experiment 
was sensitive to the total rate coefficient for reaction 2 independent 
of whether or not Ci( 2 Py) is produced, report values for k ^ in units 
of 10" 15 cm 3 molecule' 1 s" 1 of 49 ± 16, 68 ± 12, and 70 ± 30 in 
50 Torr of 0 2 + 710 Torr of N 2 , 100 Torr of 0 2 + 660 Torr of 


(18) Nesbitt, D. Leone, S. R. J. Ckem Phys. 1980, 72, 1722. 


(19) Suchnik, R. A.; Molina, M. J. J Phys. Chem 1987. 91, 4603 
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Ftfur* 7. Cl( 2 Py) temporal profile observed following pulsed User pho- 
tolysis of 4.5 X 10 13 0 2 molecules/cm 3 + 4.64 X 10 13 CSj molecules /cm 3 
in 30 Torr of O, at 230 K. [Cl^y))* - 7 X 10 n atoms/cm 3 . 30000 
laser shots averaged. The laser fired at time * 0. The solid line is 
obtained from a nonlinear least-squares analysis that yields the following 
best fit parameters. K » 6630 s" 1 , X, ■ -242 s' 1 , X 2 ■ -18 100 s' 1 . The 
dashed lines are obtained from simulations that use the best fit values 
for X,, and k i and assume that k 2 * 0, but rather that (a) k, * 3 
x 10" 13 cm 3 molecule' 1 s’ 1 , k^ m 0 or (b) k 2 * “ 3 X JO" 13 cm 3 

molecule* 1 s' 1 . Similarly, the dotted lines are obtained from simulations 
that assume that (a) k 2 « I X 10 -13 cm 3 molecule' 1 s' 1 , k^ • 0 or (b) 
k 2 * * 2 a * 1 x 10" 13 cm 3 molecule" 1 s' 1 . 

N 2 , and 150 Torr of 0 2 + 150 Torr of N 2 , respectively (errors 
are 2a). 

Clearly, one possible explanation for the fact that Martin et 
al. 5 report values for k ^ that are much larger than our value for 
is that reaction 2 proceeds via channels that produce Cl^y), 
i.e., channels 2b, 2c, and/or 2g. To further investigate this 
possibility, we conducted some experiments using 0 2 buffer gas 
under experimental conditions (low temperature and pressure) 
where the double-exponential decays predicted by equation I would 
be observable unless the CS 2 C1 4* 0 2 reaction was fast. A typical 
CI( 2 P y ) temporal profile observed in these experiments is shown 
in Figure 7. The data were first analyzed with use of I— IX, i.e., 
assuming k 2 * 0. Both k , and were found to be about 25% 
faster at 230 K in 30 Toit of 0 2 than at 230 K in 30 Torr of N 2 , 
suggesting that 0 2 is a little more efficient than N 2 as a third body. 
However, the equilibrium constant obtained from analysis of the 
0 2 data, K? 13 000 atm" 1 , is in excellent agreement with the 
equilibrium constants determined from experiments in N 2 at 229 
and 231 K (sec Table II) — a result that strongly suggests that 
the CS 2 C1 + 0 2 reaction is slow . If reaction 2 proceeded via a 
channel that does not produce CK^y), the slow component in the 
decay shown in Figure 7 would be much faster than was observed. 
On the other hand, if reaction 2 proceeded via a channel that 
regenerated Cl( 2 Py), the steady-state Cl^y) concentration at long 
times after the User Hash would be larger than the concentration 
expected from the equilibrium between reactions 1 and -1; hence, 
the above analysis would have given an erroneously small value 
for 

To put a quantitative upper limit on k 2 , we expand the 
mechanism used to derive equations I— VI to include reaction 2. 
Equations I, II, III, and V remain unchanged while eqs IV and 
VI are modified as follows: 

Q « ♦ * 5 + * 3 [OJ (IV') 

P - k A Q + *,[CSd(*s ♦ **[ Oil) (VI') 

In the above equations, k^ represents all channels of reaction 2 
that do not produce Cl( 2 Py) 

*2A ■ *!• + *2d ♦ + *2f ■ k 2 - *2b - “ *2« (XII) 

The C!( 2 Py) temporal profiles observed in 30 Torr of 0 2 at 230 
K were simulated with equations Mil, IV', V, and VI'. Values 
assumed for k, f k.,. and * 5 were those obtained from a nonlinear 
least-squares analysis with k 2 set equal to zero (solid line in Figure 
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7). The objective was to determine minimum values for k ^ and 
k 2 - 4:^, which were clearly inconsistent with our data. As shown 
in Figure 7, if either k 2 A or k 2 - k^ is assumed to be 1 x 1C" 15 
cm 3 molecule" 1 s" 1 or greater, a noticeably different Cl( 2 Py) 
temporal profile is predicted. Further simulations showed that 
it is not possible to reproduce the experimental data by assuming 
values for k^ and/or k 2 - k^ larger than 1 x IQ" 15 cm 3 molecule' 1 
s" 1 and varying k,, k.j, and/or k 3 to optimize the fit. It appears 
that the slow CI(*Py) decay rate and “correct” equilibrium CI( 2 Py) 
concentration observed at long times after the laser flash can only 
be explained by postulating a very slow rate for reaction 2. We 
feel that our data support an upper limit of 2 X 10" 15 cm 3 mol- 
ecule" 1 s" 1 for k 2 at 230 K in 30 Ton of 0 2 . 

Under the conditions of Martin et al.’s experiments (293 K, 
760 Ton of air, 5 ppm CSj), 5 the CS 2 C1 concentration was very 
small compared to the concentrations of CK^y) and CS 2 ; hence, 
the steady-state approximation can be applied to CS 2 C1. Ap- 
plication of the steady-state approximation to the mechanism 
consisting of reactions 1, -1, 4 , 5, and 2 leads to the expression 

Miqd/O + # (xiii) 

where 

X « k 2 /*_, (XIV) 

Although long extrapolations arc required, our data can be used 
to estimate values for k, and k at 293 K and 760-Ton total 
pressure, the conditions of most of Martin et al.’s competitive 
kinetics experiments. 5 With an accuracy of about a factor of 2, 
we estimate k t ~ 2 x 10" n cm 3 molecule" 1 s" 1 and k., ~~ 2 X 
10 6 s" 1 under these conditions. Substituting our estimates for k, 
and k_, along with Martin et al.’s measured value for k ^ in 760 
Ton of air (8.3 x 10" 14 cm 3 molecule’ 1 s’ 1 ) into eq XIII leads 
to a value of k 2 — 2 x 10" 15 cm 3 molecule" 1 s’ 1 — not inconsistent 
with our 230 K, 30 Ton of 0 2 upper limit of 2 x 10" 15 cm 3 
molecule" 1 s" 1 (it is, of course, possible that k 2 increases with 
increasing temperature or pressure). Hence, although we observe 
no positive evidence for a reaction between CS 2 C1 and 0 2 , our 
data to not preclude the occunence of reaction 2 with a rate 
coefficient (on the order of 10" 15 cm 3 molecule" 1 s" 1 ) consistent 
with the steady-state-kinetics observations of Martin et al., 5 
provided that reaction 2 occurs by a channel that regenerates 
Cl( 2 P y). As discussed above, the data in Figure 6 suggest that 
< 5 X IQ" 15 cm 3 molecule" 1 s’ 1 at 293 K and 300-Ton total 
pressure. Considering this result in conjunction with eq XIII leads 
to k M < 2.5 x 10" 14 cm 3 molecule" 1 s" 1 at T * 293 K and P « 
300 Ton. 

Direct observation of the approach to equilibrium in 0 2 buffer 
gas at temperatures below 230 K could potentially allow very slow 
values for k 2 (i.e., <10" 15 cm 3 molecule' 1 s" 1 ) to be determined. 
However, interpretation of such experiments is complicated by 
the occunence of another rapid equilibrium 

Cl( 2 Py) + 0 2 + 0 2 — ClOO + 0 2 (8. -8) 

Recent work in our laboratory 20 has established that the equi- 
librium concentration of ClOO in 30 Ton of 0 2 is negligible at 
temperatures of 230 K and above. 

It is interesting to compare the kinetic and thermodynamic data 
reported in this paper for the C^Cl adduct with analogous results 
reported elsewhere 34 for the CS 2 OH adduct. The enthalpy 
changes for the Cl 4* CS 2 and OH + CS 2 association reactions 
at 298 K are both around 10-1 1 kcal moT 1 , but the entropy change 
associated with the Cl 4- CS 2 reaction, * -26.8 cal mol" 1 

deg" 1 , appears to be somewhat larger than the entropy change 
associated with the OH + CS^ reaction (analysis of our versus 
\/T data 3 gives ^ 22 ± 3 cal mol" 1 deg" 1 while Murrells 

et al. 4 report A5‘ 0 2 * ^ 24 ± 4 cal mol" 1 deg’ 1 ). Hence, at a given 
temperature, K r is about a factor of 3 larger for the OH + CS 2 
equilibrium than for the Cl 4- CS 2 equilibrium. At T * 256-258 


(20) NwovKh, J. M.; Kreutier. K. D.; Shackelford, C. Wine. P. H. To 
be published. 
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Hfwrt S. CK^y) temporal profile observed following pulsed laser pho- 
tolysis of 3.0 X I0 13 Cl 2 moteoiles/crn 3 4 5.5 X 10 15 COS molecu)es/cm 3 
in 30 Torr of N 2 at 194 K. [CI(*P </ )]o ~ 2 X 10" atoms/can 3 , 2500 laser 
shots averaged. The laser fired at time • 0. 

K and P * 75 Torr of N 2 , a temperature and pressure regime 
where experimental kinetic data are available for both the Cl + 
CS 2 and OH 4 CS 2 reactions, we find that adduct formation 
proceeds about 2.5 times more rapidly for Cl 4 CS 2 (k — 2.5 
X ](T 12 cm 3 molecule" 1 s" 1 ) than for OH 4 CS 2 (k ** 1.0 X 10~ 12 
cm 3 molecule" 1 s" 1 ) while the adduct lifetime toward unimolecular 
decomposition back to reactants is about 7.5 times shorter for 
CS 2 C1 (t - 16 ns) than for CS 2 OH (r - 120 ms). CS 2 OH is 
at least 1 order of magnitude more reactive with 0 2 than b CSjCl, 
a reasonable finding considering that the CS 2 OH reaction with 
0 2 appears to involve breaking of the O-H bond. 21 

In addition to the studies of CS 2 C1 formation and removal 
described above, we also searched for evidence of reversible adduct 
formation in the Cl 4 COS system. As typified by the Cl( 2 P y ) 
temporal profile shown in Figure 8, no evidence for formation of 
a COSC1 adduct was observed. Each data point in Figure 8 
represents 1 ms of time. Since the COS concentration was 5.5 
x 10 15 molecules/cm 3 , in order for a decay of C1( 2 P y ) into 
equilibrium to be too rapid for observation, the Cl( 2 Py) 4 COS 
rate coefficient would have to be unrealistically fast, i.e., close 
to 10" ,£> cm 3 molecule" 1 s' 1 at a pressure (30 Torr of N 2 ) expected 
to be far removed from the high-pressure limit. It seems safe to 
assume, therefore, that the absence of a fast component in the 


(21) Lovcjoy, E. R.; Murrells, T. P., Rivuhinkirt, A. R.; Howard, C. J. 
J. Phys. Chem., in press 
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Cl( 2 Py) decay implies that (COSC1)., < 0.1 [Cl( 2 P y )]„ at 194 K 
and (COS) * 5.5 X 10 13 molecules/cm 3 . Henoe, < 1.8 x 10" 17 
cm 3 /molecule and K f < 680 atm" 1 . Our data suggest that cither 
(a) a significant barrier exists in the entrance channel that prevents 
Cl( 2 Py) addition to COS or (b) the species COSC1 b very weakly 
bound. Since no barrier to addition is observed for the similar 
CK^y) 4 CS 2 reaction, the latter of the above possibilities seems 
more reasonable. In either case, COSC1 should not be an im- 
portant species in atmospheric chemistry. It b worth noting that 
Wahner and Ravishankara, 22 in a study of the similar OH 4 COS 
reaction, also found no evidence for adduct formation. 

Sammary 

Reversible adduct formation in the reaction of ClC^Py) with CSj 
has been observed via direct monitoring of the decay of pulsed- 
laser-generated CK^y) into equilibrium with time-resolved res- 
onance fluorescence spectroscopy as the detection technique. Rate 
coefficients for CS 2 C1 formation and decomposition have been 
determined as a function of temperature and pressure; hence, the 
equilibrium constant has been determined as a function of tem- 
perature. A second-law anaiysb of the temperature dependence 
of K r and heat capacity corrections calculated with an issumed 
CS 2 CI structure yields the following thermodynamic parameters 
for the association reaction: A * -10.5 ± 0.5 kcal mol" 1 , 
dJT 0 * -9.5 ± 0.7 kcal mol" 1 , AS%, * -26.8 ± 2.4 cal mol" 1 
deg" 1 , and &H {J9t {CS 2 C\) * 46.4 ± 0.6 kcal mol" 1 . 

The resonance fluorescence detection scheme has been adapted 
to allow detection of CK^Py) in the presen oe of large concentrations 
of 0 2 , thus allowing the reaction of CS 2 C1 with 0 2 to be inves- 
tigated. Our results demonstrate that the rate coefficient 
for the CS 2 CI 4 0 2 reaction via all channels that do not regenerate 
Cl( 2 Py), b less than 2.5 x 10" 14 cm 3 molecule" 1 s" 1 at 293 K and 
300- Ton total pressure Another series of experiments places an 
upper limit of 2 X 10" 15 cm 3 molecule' 1 s" 1 on the total rate 
coefficient k 2 at 230 K and 30-Ton total pressure. 

Evidence for reversible adduct formation in the reaction of 
C1( 2 P J) with COS was sought but not observed, even at tem- 
peratures as low as 194 K, suggesting either that a barrier exists 
in the Cl 4 COS entrance channel or that COSC1 b a very weakly 
bound species. 
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Laser flash photolysis of Cl 2 /CO/M mixtures (M = N 2 , CO, Ar, C0 2 ) has been employed in 
conjunction with C1( 2 P , ) detection by time-resolved resonance fluorescence spectroscopy to 
investigate equilibration kinetics in the reactions Ci( 2 Pj ) + CO^CICO as a function of 
temperature (185-260 K) and pressure ( 14-200 Torr). The association and dissociation 
reactions are found to be in the low-pressure limit over the range of experimental conditions 
investigated. In N 2 and/or CO buffer gases, the temperature dependences of the CICO 
formation and dissociation reaction rate constants are described by the Arrhenius expressions 
k , = (1.05 ± 0.36) X 10” 34 exp[ (810 ± 70)/71 cm 6 molecule” 2 s” 1 and 

= (4.1 ±3.1)Xl0” ,o exp[( — 2960 ± 160)/T] cm 3 molecule” 1 s” 1 (errors are la). 
Second- and third-law analyses of the temperature dependence of the equilibrium constant 
(k,/k_,) lead to the following thermodynamic parameters for the association reaction: AJ7 29 g 
= -7.7 ±0.6 kcal mol ”\ Affg = - 6.9 ± 0.7 kcal mol”\ = -23.8 ±2.0 
cal mole" 1 K” 1 , A H° /29% (QCO) = 5.2 ± 0.6 kcal mol” 1 (errors are la). The results 
reported in this study significantly reduce the uncertainties in all reported kinetic and 
thermodynamic parameters. 


3l3 5sf 

C 


INTRODUCTION 

The chloroformyl radical ( CICO ) has been of interest to 
photochemists for many years. Bodenstein, Lenher, and 
Wagner 1 first postulated the existence of CICO as an inter- 
mediate in the photocataJyzed production of phosgene 
(Cl 2 CO) from CK/CO mixtures. Models of the C0 2 -rich 
atmosphere of Venus have included the chemistry of chloro- 
formyl radicals. 2 CICO may also play a role in the chemistry 
of the Earth’s atmosphere. For instance, photooxidation of 
CC1 4 can lead to CICO production via a Cl 2 CO reservoir. 

Information concerning the kinetics and thermoche- 
mistry of the Cl + CO association reaction is rather sparse. 

Cl + CO + M — CICO + M. (Rl) 

The only study of the kinetics of reaction (Rl ) was carried 
out by Clark, Clyne, and Stedman 1 over 20 years ago. These 
authors employed a discharge flow reactor to measure A, at 
195 and 300 K in argon buffer gas. Reported values for the 
CICO bond dissociation energy are based on indirect experi- 
mental information 4 * 5 and ab initio theory, 6 and range from 
3.5 to 7.1 kcal mol" 1 . 

In this paper we report direct observations of the decay 
of pulsed-laser-generated chlorine atoms into equilibrium 
with CICO. These experiments allow determination of k, 
and k_ , as functions of temperature and pressure, and the 
equilibrium constant (*,/£_,) as a function of temperature. 
Second- and third-law methods are employed to evaluate the 
CICO entropy, heat of formation, and bond dissociation en- 
ergy. 

EXPERIMENTAL SECTION 

The apparatus employed in this study was similar to 
those used in this laboratory in several previous studies of 


chlorine atom kinetics. 7 ' 12 The salient features of the appa- 
ratus and technique are described below. 

A Pyrex reaction cell with an internal volume of 1 50 cm 3 
was used in all experiments. A 1:1 methanol/ethanol mix- 
ture from a thermostated bath was circulated through an 
outer jacket of the reactor to control the experimental tem- 
perature. The temperature of the gas mixture under the ex- 
act pressure and flow rate conditions of the experiment was 
measured with a retractable copper-Constantan thermocou- 
pie. 

Chlorine atoms were produced by 355 nm pulsed laser 
photolysis of G 2 using third-harmonic radiation from a 
Quanta Ray model DCR-2 Nd:YAG laser. Cl atom fluores- 
cence was excited by radiation from a cw atomic resonance 
lamp, which consisted of an electrodeless, microwave- 
powered discharge through a few Torr of a flowing Cl : /He 
mixture. Radiation was coupled out of the lamp through a 
MgF 2 window and into the cell through a MgF 2 lens. The 
resonance lamp radiation intersected the photolysis laser 
beam at 90* near the center of the reaction cell. A flowing gas 
filter between the resonance lamp and reaction cell blocked 
extraneous emissions from the lamp. The gas filter was either 
3 Torr cm N 2 0 or 1 50 Torr cm 0 2 . The N 2 0 filter blocked O 
atom impurity emissions at 130-131 nm while transmitting 
the 134-140 nm Cl resonance lines. The 0 2 filter blocked 
virtually all emissions from the lamp except the 
2 D<,/ 2 .y/ 2 - 2 Py /2 Cl doublet at 118.9 nm (Ref. 13) and the 
hydrogen Lyman-a line at 121.6 nm. 

Fluorescence was collected by a MgF 2 lens on an axis 
orthogonal to both the photolysis laser beam and the reso- 
nance lamp radiation, and imaged onto the photocathode of 
a solar blind photomultiplier. The region between the reac- 
tion cell and the photomultiplier was purged with N : . When- 
ever N 2 0 filtered the resonance lamp, a CaF : window was 
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placed between the reaction cell and the photomultiplier to 
prevent detection of radiation at wavelengths shorter than 
125 nm (Lyman-a, for instance). Signals were processed 
using photon counting techniques in conjunction with multi- 
channel scaling. For each chlorine atom decay profile mea- 
sured, between 200 and 34 000 laser shots were averaged to 
obtain a well-defined temporal profile. The multichannel 
scaler sweep was triggered before the laser pulse to permit 
determination of the (constant) background signal level. 

In order to avoid the accumulation of photolysis or reac- 
tion products, all experiments were carried out under slow 
flow conditions. The linear flow rate through the reactor was 
typically 3 cm s" 1 while the laser repetition rate was varied 
from 1 to 1 0 Hz ( 5 Hz typical ) . Hence, no volume element of 
the reaction mixture was subjected to more than two or three 
laser shots. Cl 2 was leaked from a 12 liter Pyrex bulb con- 
taining a dilute ( — 10%) mixture of Cl 2 in N 2 , while the 
other reagents flowed directly from high-pressure storage 
tanks. The CO was passed through a Pyrex trap maintained 
at 77 K before mixing with other gases immediately up- 
stream of the reaction cell; this procedure removed reactive, 
photosensitive metal carbonyls from the CO flow. The con- 
centrations of each component in the reaction mixtures were 
determined from measurement of individual flows using cal- 
ibrated electronic mass flow meters. The reagent gases had 
the following stated minimum purities: N>, 99.999%; Cl 2 , 
99.99%; 0 2 , 99.99%; CO : , 99.99%; Ar,” 99.999%; CO, 
99.99%. The Cl 2 we repeatedly degased at 77 K before dilu- 
tion. The other gases were used as supplied. 

RESULTS AND DISCUSSION 

All experiments were carried out under pseudo-first-or- 
der conditions with [CO] > [Cl] 0 (the concentration of Cl 
atoms immediately following the laser pulse ) . Reaction mix- 
tures contained (1.0-18) X 10 13 molecules cm -3 G 2 while 
[G] 0 varied from (2.0-10) X 10" atoms cm" 3 . Experi- 
ments were performed over the temperature range 185-260 
K, and the total pressure was varied from 14 to 200 Torr by 
diluting the gas mixture with the appropriate partial pres- 
sure of an unreactive buffer gas (N 2 , C0 2 , or Ar). 

In these experiments the fate of Cl atoms is controlled by 
the following reactions: 


a + CO + M-C1CO + M, (Rl) 

aco + M-Cl + CO + M, (R-l ) 

Cl — loss by diffusion from the detector field of 

view and reaction with background impurities, (R2) 
CICO— loss by processes which do not regenerate 

G atoms. (R3) 


The rate equations for reactions (Rl), (R-l), (R2), and 
(R3) can be solved analytically: 

[CI],/[Cl] 0 ==[(C+/l.)expU l O 

- ( Q +A 2 )txptfj)]/tf l -A 2 ), ( 1 ) 

where 

^, = 0.5[(/< : — 42?) ,/J — ,<], (2) 


/tj=-0.5M J -4 B)' n + A\, (3) 

e= *_,+*„ (4) 

/< = £+*: + *, [CO], (5) 

B = k 2 Q + k 3 k, [CO]. (6) 


The observed temporal profiles for Cl atoms were fit to the 
double-exponential equation ( 1 ) using a nonlinear least- 
squares method to obtain values for 4,, A 2 , and Q for each 
decay. The background Cl atom loss rate in the absence of 
CO ( k 2 ) was directly measured at each temperature and 
pressure. k 2 ranged from 10 to 40 s" 1 except for the experi- 
ments in C0 2 buffer gas, where k 2 was approximately 600 
s" 1 due to reaction of C1( 2 P) with an impurity in the C0 2 . 


Using the identities 

^i4-A 2 = — A , (7) 

A t A 2 = B, (8) 

the fit parameters A „ 4 2 , and 2 can be directly related to the 
rate coefficients of interest via 

*,= -(£?+** + ' l,+A : )/[COJ, (9) 

* 3 = -*:£)/*■ [CO]), ( 10 ) 

k | — Q — ky. (11) 


Typical observed Cl atom temporal profiles are shown 
in Fig. 1. The results for all experiments are presented in 
Table I. The results exhibit no systematic dependence upon 



Tima (ys) 

FIG 1. G( 2 F) temporal profiles in the presence of varying amounts of CO 
at 100 Torr total pressure (N, diluent) and 227 K. For all experiments 
IC1 2 ) « 3.1X10*' molecules cm” 3 and IC1] 0 « 5.2x10" atoms cm" 3 . 
The carbon monoxide concentrations for each experiment in units of 10 17 
molecules cm “ 3 are A. 1.90, B 3 72. and C 8 08 The number oflaser shots 
averaged for each experiment are A: 4000, B 4000, and C: 10 000 The val- 
ues for the biexponential parameters ( see text ) for A, B, and C, respectively, 
are -4,«67.l, 81.9, and 107; - 4, « 5790. 9180, and 16 500; and 
Q * 3110, 3470, and 3590, units are s” *. The inset shows decay C with the 
signal counts displayed on a linear scale 
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TABLE I Summary of kineric and equilibrium measurements. 


T(K)/M 

IClj)* 

ICl)o* 

[CO] b 

nil* 

*,* 

*-, d 

V 

V 

260/N..CO 

150 

4.4 

18.6 

111 

1.86 

40.2 

317 

13.1 

150 

4.4 

111 

111 

2.03 

44.3 

126 

12.9 


150 

4.4 

201 

201 

2.20 

52.2 

247 

11.9 

242/N 2 ,CO 

220 

5.5 

79.4 

79.4 

3.11 

25.1 

101 

37.6 

1800 

4.2 

83.4 

83.4 

3.12 

28.9 

132 

32.7 


160 

4.1 

120 

120 

3.62 

26.3 

497 

41.7 


160 

4.4 

159 

159 

3.17 

24.3 

181 

39.6 


160 

4.1 

199 

199 

2.93 

22.8 

133 

39.0 

227/N,,CO 

310 

5.2 

19.0 

425 

3.39 

7.01 

129 

156 


310 

5.2 

37.2 

425 

3.63 

7.84 

123 

150 


310 

5.2 

37.2 

425 

3.63 

8.01 

145 

147 


310 

5.2 

80.8 

425 

3.79 

8.14 

133 

151 

226/N,, CO 

140 

3.8 

19.2 

128 

3.52 

8.91 

78.0 

128 


230 

3.7 

54.2 

128 

4.02 

11.0 

844 

119 


220 

3.1 

108 

128 

3.82 

11.4 

53.4 

109 

216/CO : 

140 

3.0 

13.9 

67.2 

17.8 

6.51 

191 

929 

215/COj 

180 

4.6 

6.70 

61.2 

14.7 

8.74 

2\A 

# 576 


180 

4.6 

9.73 

63.5 

14.6 

7.90 

43.7 

632 


180 

4.6 

13.5 

66.5 

16.1 

7.02 

139 

785 


180 

4.6 

15.9 

69.3 

16.4 

8.14 

59.7 

689 

212/Ar 

220 

5.0 

604 

137 

3.19 

1.72 

90.8 

642 


220 

5.0 

7.66 

137 

3.33 

1.81 

89.9 

637 


220 

5.0 

10.1 

137 

3.34 

1.76 

89.0 

657 


220 

5.0 

18.7 

137 

3.57 

2.04 

111 

606 

209 /N 2 

100 

3.1 

3.50 

924 

6.72 

17.4 

113 

1350 


100 

3.1 

5.27 

924 

5.93 

18.5 

184 

1120 


100 

3.1 

8.10 

924 

5.81 

17.5 

142 

1170 


100 

3.1 

8.24 

924 

6.14 

17.7 

128 

1210 


100 

3.1 

11.1 

924 

5.32 

16.5 

122 

1130 

208/N, 

130 

4.1 

5.30 

139 

5.19 

2.45 

88 8 

749 


130 

4.1 

8.54 

139 

5.55 

2.46 

894 

796 


130 

4.1 

n.2 

139 

5.47 

2.31 

73.2 

836 


130 

4.1 

18.0 

139 

5 54 

2.82 

97.0 

694 

206/N : 

210 

4.3 

3.85 

14) 

4.86 

2.15 

956 

807 


210 

4.3 

645 

141 

4.97 

243 

70.0 

730 


200 

5.8 

15.8 

141 

5.87 

2.09 

113 

1000 

197/N , 

140 

5.9 

3.34 

147 

6.86 

1.06 

64 1 

2410 


140 

5.9 

6.57 

147 

6.61 

1.02 

54 8 

2410 


140 

5.9 

9.85 

147 

6.43 

1.19 

93.9 

2010 


140 

5.9 

19.0 

147 

6.38 

1.15 

94.5 

2060 

187/N, 

110 

3.2 

16.7 

155 

7.16 

0.789 

81.6 

3560 


310 

2.9 

16.9 

155 

7.12 

0.708 

73.6 

3940 


1000 

10 

17.1 

155 

7.07 

0.712 

81.2 

3890 


1000 

2.9 

17.2 

155 

7.23 

0.726 

95.5 

3910 

185/N, 

110 

4.4 

5.55 

130 

7.41 

0.554 

96.7 

5310 


110 

4.0 

5.34 

193 

9.03 

0.391 

98.3 

9160 


110 

4.0 

10.5 

193 

8.92 

0.647 

175 

5470 


100 

4.0 

10.6 

261 

10.0 

0.561 

169 

7070 


130 

4.4 

6.64 

397 

9.52 

0.430 

190 

8780 


130 

4.4 

13.3 

397 

8.53 

0.570 

224 

5940 


170 

5.2 

8.20 

522 

854 

0.448 

89.1 

7570 


no 

3.7 

5.47 

1040 

6.32 

0.331 

179 

7570 


no 

3.7 

12.9 

1040 

7.27 

0.411 

9.5 

7020 


•Units are 10" molecules (atoms) cm”\ 

•Units are 10 ,e molecules (atoms) cm -3 ; [ M ) * total number density. 

* Units are I0” JJ cm® molecules " 3 %~ \ 

* Units are 10” 16 cm 3 molecules" 1 s~ 

•Units are s” 1 . 

f Units art atm" 


variations in [CO], [Cl : ], [ Cl ] 0 , or laser repetition rate. It were independent of total bath gas pressure over a wide 

was also found that measured values for the termolecular range, indicating that reactions (Rl) and (R-l) are in the 

rate coefficient k ] and the bimolecular rate coefficient k _ , low-pressure limit up to approximately 200 Torr. An Arr- 
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henius plot for reaction (Rl) is shown in Fig. 2. A linear 
least-squares analysis of In vs T ~ 1 for all data taken in N 2 

and/or CO buffer gases yields 

k , = (1.05 ± 0.36) X 10” 34 exp[ (810 ± 70)/71 

in units of cm* molecule” 2 s” 1 . Similar analysis of the re- 
sults for the reverse process (&_ ,) gives 

= (4.1 ±3.1)xl0” ,o exp[ - (2960 ± \60)/T] 

cm- molecule” 1 s” 1 . Panel recommendations of kinetic 
data for use in modeling atmospheric chemistry parametrize 
the temperature dependence of association rate constants 
using the relationship k(T) =fc(300 K)( 77300) ” V 4 ’ 15 
analysis of our measurements of k { in this form yields the 
expression 

k , = (1.31 ± 0.15) X 10“ 33 (7Y300) ” 3,±03 

cm 6 molecule” 2 s” 1 . A van’t Hoff plot for the equilibrium 
defined by reactions (Rl ) and (R-l ) is shown in Fig. 3. A 
linear least-squares analysis of the In K p vs T ” 1 data yields 
the result 

ln^Utm”') = - LH/RT+ bS/R 

= (7830 ± 420 )/RT- (24.5 ± 2.0 )/R, 

where R is the universal gas constant in units of 
cal mol” 1 K” '. Errors in the above expressions are 2<j and 
represent precision only. We believe that systematic errors 
associated w'ith, for example, the measurement of I \ P , and 
[CO] are small and do not increase the above uncertainties 
significantly. 

At higher temperatures relatively large concentrations 



FIG 2 The termolecular rile coefficient for fhe formation of OCO (A,) as 
a function of T 1 Buffer gases A. CO : ; 0,N : /CO, □. A r ■ Ar (Ref. 3). 
At each temperature the average value of k t is shown with 2 o error bars, 
precision only The dashed line is a best fit of the CO and N ; data to the 
Arrhenius form 


of CO were necessary to drive the system into equilibrium. 
Therefore most of the experiments at 242 and 260 K were 
carried out in nearly pure CO. Over the entire temperature 
range studied, the fractional CO concentration (A^x) ) var- 
ied from 0.005 to 1.0. At a given temperature, the invariance 
of and k _ , with Xqq indicates that N 2 and CO have essen- 
tially the same efficiencies as third-body colliders for these 
reactions. The experiments carried out in CO : and Ar result 
in values of K p very near the N 2 /CO results but with differ- 
ent values for the individual rate constants. A comparison of 
and for the various buffer gases at 7"= 214 ± 2 K 
gives the following relative collision efficiencies for stabiliza- 
tion of the energized ClCO adduct: 

0(CO 2 )£(CO/N 2 )tf(Ar) = 3.2:1.0:0.8. 

The relative collision efficiencies for two buffer gases M , and 
M 2 are computed from the relationship 16 

0(M,)/0(M 2 ) - MMOZu (MjJ/MMilfco <K). 

( 12 ) 

where Z u is the Lennard-Jones collision frequency for 
C1CO-M collisions. It should be noted that the results given 
in Table I and Figs. 2 and 3 for experiments performed with 
CO : and Ar diluent gas have been corrected for the contribu- 
tion of CO to the total bath gas concentration. 

In Figs. 2 and 3 the results of this study are compared to 
previous kinetics and equilibrium studies of reactions (Rl ) 
and (R-l ). From a photochemical study of the formation of 
Cl : CO from Cl : /CO mixtures over the temperature range 
298-328 K, Bums and Dainton 4 report the follow ing expres- 
sion for the equilibrium constant: K k = 10 " : KCk> exp(6310/ 
R 70 liter mol ” \ When extrapolated to near 300 K, our re- 



F1G. 3 The equilibrium constant ( K r ) for reactions ( R 1 ) and ( R-l ) as a 
function of T ~ '. Buffer gases A, CO : ; O. N : /CO. □. Ar At each tempera* 
lure the average value of K r is shown w ith 2a error bars, precision onl> . The 
dashed line is a best fit to the van't Hoff form The solid line represents the 
data of Bums and Dainton (Ref 4) 
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suits for K p agree quite well with the Bums and Dainton 
measurement. The narrow temperature range of the Bums 
and Dainton study makes comparison at lower temperatures 
risky. The measurements of the forward rate coefficient by 
Clark, Cl yne, and Stedman 3 were carried out at low pressure 
( < 3 Torn) in Ar at 195 and 300 K with Cl atoms in excess 
over CO. At 195 K these authors report that the kinetics in 
their discharge flow system were controlled by reaction 
(R1 ) followed by the faster process 

ClCO + Cl-*CO + Cl 2 . (R4) 

At higher temperatures decomposition of the CICO appar- 
ently was a complication, competing with reaction (R4). 
Clark, Clyne, and Stedman report an activation energy for 
reaction (R1 ) of approximately — 2 kcal mol" *, which is in 
reasonable agreement with our observed activation energy in 
N 2 /CO. In argon at 2 14 K our result is virtually identical to 
the value of k { derived by interpolation of the results of 
Clark, Clyne, and Stedman. 

The infrared spectrum of CICO has been observed by 
Jacox and Milligan in an argon matrix at 14 K. 17 These in- 
vestigatorsassigned bands ar 1880, 570, and 281 cm" 1 to the 
chloroformyl radical. The CICO radical has also been the 
subject of two theoretical investigations. Self-consistent- 
field, molecular-orbital calculations have been carried out 
by Hinchcliffe. 1 * An optimized geometry for an sp basis set 
gave a Cl-C-O bond angle of 134“ with r c ^ c , = 178 pm and 
r 00 = 129 pm. More recently, Francisco and Goldstein* 
have reported the results of ab initio molecular-orbital calcu- 
lations. These workers arrived at a slightly different equilib- 
rium geometry with r c _ ci = 179 pm, r c-Q = 118 pm, and 
bond angle = 128.9°. The two geometries derived theoreti- 
cally are quite similar to the configuration originally esti- 
mated by Jacox and Milligan (r c ^-, = 175 pm, r c-Q = 118 
pm, and 120° < bond angle < 134°). The results of Francis- 
co and Goldstein's calculations indicate that the bent 2 A * 
electronic state is more stable than the linear electronic 
state by 1.0 kcal mol" 1 . Francisco and Goldstein's results 
also allow comparison of calculated vibrational frequencies 
and intensities with the experimental results of Jacox and 
Milligan. The calculated frequency of the CICO bend is 
much larger, 384 cm" 1 compared to 281 cm* 1 , and the cal- 
culated intensity relatively weaker than the frequency and 
intensity as assigned by Jacox and Milligan. Therefore, 
Francisco and Goldstein suggest reassignment of the lowest- 
energy fundamental vibration to a weaker absorption ob- 
served by Jacox and Milligan at 333 cm" 1 . 

Despite the above-mentioned uncertainties in the struc- 
ture and properties of the CICO radical, it is possible to make 
a reasonably accurate calculation of the CICO entropy. A 
value for the entropy of CICO at 298 K of 63.4 ± 0.3 cal- 
mol" 1 K" 1 has been derived using standard statistical me- 
chanical methods. 19 The vibrational frequency assignments 
of Jacox and Milligan were assumed along with a low-lying 
excited electronic state 1000 cal mol "* above the ground 
state. The uncertainty in the entropy is based upon variation 
in the calculated value of S° over the range of proposed geo- 
metries, choice of bending frequency, and allowance for a 
low-lying electronic state in the range 300-6000 cal mol" 1 


above the ground state. The value of A for reaction (la) 
is therefore — 23.3 ± 0.3 cal mol" 1 K" Using calculated 
entropies at each experimental temperature and our mea- 
sured values of K p (T) y the heat of reaction (la) at each 
temperature was calculated. Each value of LH T (rxn) was 
then adjusted to bU \ 9g using calculated changes in heat ca- 
pacity for the reaction. An average “third-law” value of 
A/f °98 ( rxn ) = — 7.53 ± 0.60 kcal mol" 1 was thus de- 
rived. The third-law values of Ai/^ g and A S% 9t can be com- 
pared to the same quantities given by the slope and intercept 
of the van’t Hoff plot, i.e., the second-law method. Taking 
the slope of the van’t Hoff plot (Fig. 3 ) and correcting to the 
standard temperature gives Aif J 9g (rxn) = — 7.95 ± 0.45 
kcal mol" 1 . The intercept of the van’t Hoff plot gives A 5^, 
= 24.5 ± 2.0 cal mol" 1 K" 1 . A concensus value of 
— 7.7 ± 0.6 kcal mol " 1 is adopted for A JH ^ ( rxn ) along 
with an average value of — 23.8 ± 2.0 cal mol" iK " 1 for 
AS °98 ( rxn ) • Using known heats of formation for Cl and CO 
(Ref. 14) leads to a value of — 5.2 ± 0.6 kcal mol" 1 for 
A#/. 29 t (CICO); the currently recommended value for 
A/f /298 (CICO) is — 4.1 kcal mol" 1 . 14 The calculated en- 
thalpy functions were used to correct to absolute zero giving 
A H° 0 (rxn ) = — 6.9 ± 0.7 kcal mol" 1 (identically equal to 
the Cl-CO bond dissociation energy) and A H% 
(CICO) =- 5.6 ± 0.7 kcal mol " \ 

The previous measurement of the equilibrium constant 
by Bums and Dainton 4 also yields an estimate of the heat of 
reaction (Rl). After first convening the results of these 
workers from an equilibrium constant expression in concen- 
tration units to K p in units of atm" 1 , a value of A// 29g 
(rxn) = — 7.1 kcal mol" 1 is derived. Due to the limited 
temperature range covered by Bums and Dainton’s study, 
there should be a rather large error bar associated with the 
enthalpy value of these researchers. Our results agree quite 
well with those of Bums and Dainton but are more precise 
and are based on more direct experimental information. Ad- 
ditional information on the thermochemistry of CICO has 
been reported by Walker and Prophet. 5 The heat of forma- 
tion of gas phase CICO at 298 K was deduced from a mea- 
surement of the heat of formation of liquid oxalyl chloride 
( QC^Oj, a stable dimeric form of CICO ) and an estimate of 
the C-C bond strength in C 2 C1 2 0 2 . Our value for A J/° 29g 
(CICO) agrees quite well with Walker and Prophet’s esti- 
mate of — 4.0 ± 3.0 kcal mol" 1 although the precision of 
the value obtained in this study is considerably improved. In 
the theoretical study by Francisco and Goldstein 6 a value 
for the bond dissociation energy of CICO at 298 K of 3.5 
kcal mol" 1 (approximately one-half of our experimental 
value) is reported. Francisco and Goldstein’s results also 
indicate that there should be no potential -energy barrier for 
the formation of CICO from reaction (1). The substantial 
“negative” activation energy observed in our study and in 
the study of Clark, Clyne, and Stedman 3 confirm the lack of 
an energy barrier. 

SUMMARY 

Using time-resolved resonance fluorescence spectrosco- 
py to detect pulsed-laser-generated Cl ( 2 P) in the presence of 
CO, the kinetics of the formation and decomposition of 
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GCO radicals have been directly measured over the tem- 
perature range 185-260 K and the pressure range 14-200 
Torr. Both second- and third-law methods have been em- 
ployed to evaluate the enthalpy and entropy of reaction, with 
good agreement obtained between the two methods. The re- 
sults reported herein represent the first direct study of the 
kinetics and equilibrium of the Cl 4* CO reaction over a wide 
temperature range and, therefore, significantly improve the 
quality of the database for CICO kinetics and thermoche- 
mistry. 
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Summary 

Time-resolved resonance fluorescence spectroscopy was employed in 
conjunction with laser flash photolysis of Br 2 to study the kinetics of the 
two elementary steps in the photochemical chain reaction nBr 2 + nCH 3 CHO 
+ hv -► nCH 3 CBrO + nHBr. In the temperature range 255 - 400 K, the rate 
coefficient for the reaction Br( 2 P 3 2 ) + CH 3 CHO -+ CH 3 CO + HBr is given 
by the Arrhenius expression k 6 (T) * (1.51 ± 0.20) X 1CT 11 exp{— (364 ± 
411/7*} cm 3 molecule " 1 s" 1 . At 298 K, the reaction CH 3 CO + Br 2 CH 3 CBrO 
+ Br proceeds at a near gas kinetic rate, k n (298 K) = (1.08 ± 0.38) X 10 " 10 
cm 3 molecule " 1 s" 1 . 


1. Introduction 

The reaction of ground state halogen atoms with acetaldehyde is a 
useful laboratory source of the acetyl radical, a precursor to the important 


atmospheric species peroxyacetylnitrate (PAN) 

X 2 + hv ► 2X ( 1 ) 

X + CH 3 CHO * CH 3 CO + HX (2) 

CH 3 CO + 0 2 + M ► CH 3 C(0)00 + M (3) 

CH 3 C(0)00 + NO* ♦ M ► CH 3 C(0)00N0 2 4- M (4) 

(PAN) 


Niki et al [ 1 ] have shown that quantitative conversion of acetaldehyde to 
PAN is facilitated when bromine is employed as the initiating halogen species 
instead of the more commonly used chlorine molecule. A major advantage of 
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the bromine system is that Br 2 can be photolyzed at wavelengths where 
neither CH 3 CHO nor N0 2 are photochemically active, thus avoiding numer- 
ous complicating side reactions involving CH 3 CHO and N0 2 photofragments. 
Another advantage of the bromine system is that only abstraction of the 
aldehydic hydrogen is energetically allowed, whereas in the chlorine system 
abstraction of a methyl hydrogen is also possible. 

In the absence of oxygen, photolysis of Br 2 is known to initiate a chain 
reaction [ 1 ] 

Br 2 ♦ hv ► 2Br a 4 (5) " . 

Br + CH 3 CHO > CH 3 CO ♦ HBr ( 6 ) 

CH3CO + Br 2 ► CHjCBrO + Br (7) 

Niki et al [1] demonstrated the occurrence of reaction (7) through Fourier 
transform IR (FTIR) spectroscopic observation of CH 3 CBrO production. 
They also measured the ratio fe 6 /fc 8 at 298 K 

Br + HCHO ► HCO + HBr ( 8 ) 

Combining their result with the literature value k s (29 8 K) * 1.08 X 10 " 12 
cm 3 molecule " 1 s ” 1 [2], Niki et al. reported k b (298 K) = 3.7 X 10 " 12 cm 2 3 
molecule " 1 s“ l . One absolute measurement of k b (300 K) has also been 
reported. Islam et al [3], using the very low pressure reactor (VLPR) 
technique, obtained the result k b (300 K) = 3.5 X 10 " 12 cm 3 molecule " 1 s" 1 , 
in excellent agreement with the findings of Niki et al . 

We have employed pulsed laser photolysis of Br 2 in conjunction with 
time-resolved detection of Br( 2 P 3/2 ) by resonance fluorescence spectroscopy 
to carry out the first temperature-dependent study of reaction ( 6 ) and the 
first determination of k n . Our results are reported in this paper. 


2, Experimental technique 

The experimental apparatus used was similar to that employed pre- 
viously in our laboratory to study chlorine atom kinetics [4-6]. A sche- 
matic diagram of the apparatus is shown in Fig. 1 and a brief description is 
given below. 

A Pyrex jacketed reaction cell with an internal volume of 150 cm 3 was 
used in all experiments. The cell was maintained at a constant temperature 
by circulating ethylene glycol or methanol from a thermostatically controlled 
bath through the outer jacket. A copper-constantan thermocouple with a 
stainless steel jacket was injected into the reaction zone through a vacuum 
seal, thus allowing measurement of the gas temperature under the precise 
pressure and flow rate conditions of the experiment. 

BrC^Pj) was produced by 355 nm pulsed laser photolysis of Br 2 . Third 
harmonic radiation from a Quanta Ray model DCR-2 Nd.YAG laser pro- 
vided the photolytic light source. The laser could deliver up to 1 X 10 17 pho- 
tons pulse ” 1 at a repetition rate of up to 10 Hz; the pulse width was 6 ns. 
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t - -3.0 ms 


Fig. 1. Schematic diagram of the apparatus: AD, amplifier discriminator; BD, beam 
dump; DDG, digital delay generator; F, flow meter; HV, high voltage; JRC, jacketed reac- 
tion cell; MC, mixing chamber; MCS, multichannel scalar; MWPS, microwave power 
supply; NV, needle valve; QS, Q switch; SBPM, solar blind photomultiplier; SV, shut-off 
valve; TC, thermocouple; YL, Nd:YAG laser; 2HG, second harmonic generator; 3HG, 
third harmonic generator. 


A bromine resonance lamp, situated perpendicular to the photolysis 
laser, excited resonance fluorescence in the photolytically produced atoms. 
The resonance lamp consisted of an electrodeless microwave discharge 
through about 1 Torr of a flowing mixture containing a trace of Br 2 in 
helium. The flows of a 0.2% Br 2 in helium mixture and pure helium into 
the lamp were controlled by separate needle valves, thus allowing the total 
pressure and Br 2 concentration to be adjusted for optimum signal-to-noise 
ratio. Radiation was coupled out of the lamp through a magnesium fluoride 
window and into the reaction cell through a magnesium fluoride lens. 
Before entering the reaction cell the lamp output passed through a flowing 
gas filter containing 50 Torr cm of methane in nitrogen. The methane filter 
prevented radiation at wavelengths shorter than 140 nm (including impurity 
emissions from excited oxygen, hydrogen, chlorine and nitrogen atoms) 
from entering the reaction cell, but transmitted the strong bromine lines 
in the 140 - 160 nm region. 

Fluorescence was collected by a magnesium fluoride lens on an axis 
orthogonal to both the photolysis laser beam and resonance lamp beam 
and was imaged onto the photocathode of a solar blind photomultiplier. 
Signals were processed using photon counting techniques conjunction with 
multichannel scaling. For each bromine atom decay measured, signals from 
a large number of laser shots were averaged in order to obtain a well-defined 
temporal profile over at least two 1/e times of decay. 
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To avoid the accumulation of photolysis or reaction products, all 
experiments were carried out under “slow flow” conditions. The linear flow 
rate through the reactor was (typically) 3 cm s~ J and the laser repetition rate 
was (typically) 5 Hz. Hence no volume element of the reaction mixture was 
subjected to more than a few laser shots. Acetaldehyde and bromine flowed 
into the reaction cell from bulbs (12 1) containing dilute mixtures in nitro- 
gen. The acetaldehyde mixture, bromine mixture and additional nitrogen 
were pre-mixed before entering the reactor. The concentrations of each 
component in the reaction mixture were determined from measurements 
of the appropriate mass flow rates and the total pressure. The fractions of. 
acetaldehyde and bromine in the bulb mixtures were checked frequently by 
UV photometry using atomic mercury lines as the absorption light sources. 
The monitoring wavelength for acetaldehyde was 253.7 nm and the monitor* 
ing wavelength for bromine was 404.7 nm. Absorption cross-sections were 
measured during the course of this investigation; they were found to be 
1.46 X 1CT 20 cm 2 for acetaldehyde at 253.7 nm and 5.85 X 10“ 19 cm 2 for 
bromine at 404.7 nm, in good agreement with literature values [7). 

The nitrogen used in this study had a stated minimum purity of 
99.999% (UHP grade). The bromine used was Fisher ACS reagent grade with 
a maximum impurity level of 0.06%. Acetaldehyde was obtained from 
Aldrich and had a stated purity of 99%. Both bromine and acetaldehyde 
were transferred under nitrogen into vials fitted with high vacuum stop- 
cocks, and were then degassed repeatedly at 77 K before being used to 
prepare reactant-nitrogen mixtures. 


3. Results and discussion 

All experiments were carried out under pseudo-first-order conditions 
with CH 3 CHO and Br 2 in large excess over bromine atoms. Reaction mix- 
tures contained 0 - 0.05 Torr of CH 3 CHO, 1 X 10 -5 - 5 X 10“ 4 Torr of Br 2 
and 150 Torr of N 2 buffer gas. The nitrogen level was sufficient to facilitate 
rapid deactivation of bromine atoms in the electronically excited spin-orbit 
state 


The rate coefficient for reaction (9) is 2.5 X 10" 15 cm 1 molecule" 1 s" 1 [8], 
Both theoretical [9j and experimental (10) information suggests that the 
parameter n in eqn. (5) has a value near 2, i.e . little or no Br( 2 P 1/2 ) is pro- 
duced when Br 2 is photo lyzed in the near UV. 

We expect the decay of Br( 2 P 3/2 ) to be controlled by the following 
reactions 

Br(*P 3/2 ) 4 - CH3CHO ► CH 3 CO «► HBr (6) 


Br 2 hv (355 nm) ► nBr( 2 P 3/2 ) 4- (2 — n)Br( 2 P 1/2 ) 

Br(*P 1/2 ) + N 2 >&(*„*) + Na 


(5) 

(9) 
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CH 3 CO ♦ Br 2 ► CH 3 CBrO ♦ Br(*P,) 

(7) 

Br( 2 P 3/2 ) * removal by diffusion from the detector field of 

view and reaction with background impurities 

(10) 

CH 3 CO ► removal by processes which do not produce bromine 

atoms 

(ID 

The rate equations for the reaction scheme (6), (7), (10) and (11) can 
be solved analytically 

[Br],/[Br) 0 * {(K + X,) exp(X,t) - (K + X 2 ) exp(Xjt)}/(X, - X 2 ) 
where 

(12) ' ■ ' 

X, = 0.5 {(a 2 — 4j3) 1/J — 0 } 

(13) 

X 2 = — 0.5{(a 2 — 4/3) 1/J + a} 

(14) 

K - fe,[Br 2 l + *„ 

(15) 

a = X + fe 10 + fe 6 lCH 3 CHO] 

(16) 

0-* lo K + *„fe 6 [CH 3 CHO] 

(17) 

The observed temporal profiles can be fitted to the predicted double- 
exponential functional form (eqn. (12)) to obtain values for X^ X 2 and K. 
The rate coefficient k l0 was directly measured to be 35 ± 7 in all experi- 

ments (assuming negligible contribution to k l0 from impurities in the 
CH 3 CHO-N 2 mixture). Therefore recognizing that 

Xj + X 2 = —a 

(18) 

and 


X,X 2 = 0 

(19) 

we obtain the following relationships for the rate coefficients k b , k n and k n 

k b = -A/[C H 3 CHO] 

(20) 

* 7 «(*-*n)/[B rj l 

(21) 

^11 * (*,o* XjXj)/i4 

(22) 

A m K + k i0 + Xj + X 2 

(23) 


A typical Br(*P 3/2 ) temporal profile observed under conditions of 
relatively high [Br 2 l is shown in Fig. 2, and the results obtained from the 
analysis of a number of temporal profiles are summarized in Table 1. Un- 
certainties in the parameters X lf X 2 and K obtained from non-linear least- 
squares analyses of the observed double-exponential decays are difficult to 
evaluate quantitatively. However, for data of the quality shown in Fig. 2 
(which is typical of all experiments summarized in Table 1), we believe that 
a reasonable estimate of the 2a uncertainties of all three parameters is ±15%. 
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tlmt (ms) 

Fig. 2. Typical Br( 2 Pj /2 ) temporal profile observed under conditions of relatively high 
[Br 2 ]. Experimental conditions: 150 Torr N 2 ; 298 K; 1.09 x 10 15 CH 3 CHO cm' 3 ; 
8.94 X 10 12 Br 2 cm" 3 ; 1.7 x 10 11 Br atoms cm -3 at t - 0; 2048 laser shots averaged. 
The full line is obtained from a non-linear least-squares fit to eqn. (12). Best fit param- 
eters: Xi * —1040 a” 1 ; X 2 • —5430 s'" 1 ; K » 2040 s” 1 . 


When the two time constants \ l and X 2 differ by less than a factor of five, 
the uncertainties in all three parameters increase in magnitude. 

A simple average of the k t (298 K) values obtained from all 17 ex- 
periments summarized in Table 1 is (4.05 ± 0.76) X 10 -12 cm 3 molecule" 1 
s -2 (error is 2o, precision only), which is in good agreement with the liter- 
ature values of 3.7 X 10 -12 cm 3 molecule -1 s -1 [1) and 3.5 X 10 -12 cm 3 
molecule -1 s -1 [3]. It should be noted, however, that the most accurate 
measurements of k t are expected to be obtained under conditions of very 
low [Br 2 ] since, under these conditions, the effect of reactions (7) and (11) 
on the Br( 2 P 3/2 ) temporal profile is minimized. The experiments at very 
low Br 2 concentrations are discussed below. 

Inspection of Table 1 shows that k n (298 K) appears to increase with 
increasing [Br 2 ]. This result, which was unexpected, indicates that CH 3 CO 
radicals react with Br 2 or an impurity in the Br 2 flow via a process which 
does not produce bromine atoms. A plot of k n (298 K) vs. [Br 2 ] is shown 
in Fig. 3. Although somewhat scattered, the data are reasonably well rep- 
resented by a straight line with an intercept of 648 ± 230 s -1 and a slope 
of (6.4 ± 2.5) X 10 -11 cm 3 molecule -1 s -1 (errors are 2a, precision only). 
The rather large background CH 3 CO decay rate of 648 s -1 is probably due, 
in large part, to the reaction 

CH 3 CO + 0 2 ^M ► CH 3 C(0)00 ♦ M (3) 

The 298 K rate coefficient for reaction (3) is known to be 2 X 10“ 12 cm 3 
molecule -1 s -1 [11]. Hence a background 0 2 level of 10 mTorr, i.e. 0.007%, 
in the slow flow system would completely account for CH 3 CO removal with 
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TABLE 1 

Summary of results obtained at relatively high Br 2 concentrations 1 


[CH^CHO] 
(10 n molecules 
cm" 3 ) 

( 10 n molecules 
cm -3 ) 

IKrlo 

(10 M molecules 
cm" 3 ) 

K 

(«') 

—Xi 

<«■') 

-x, 
(« ') 

fc.i 

<«-') 

*6 

(10" 17 cm 3 
molecule" 1 « _1 ) 

*7 

(1 0 -n cm 3 
molecule -1 s" 1 ) 

5230 

95.1 

0.65 

2780 

937 

4360 

1610 

4.74 

123 

6160 

93.6 

2.2 

2200 

873 

3480 

1400 

4.11 

86 

6060 

90.1 

0.19 

2210 

831 

3860 

1280 

4.82 

103 

6270 

146 

0.31 

2960 

732 

4410 

1460 

4.07 

104 

6470 

150 

2.6 

2880 

739 

4270 

1460 

3.84 

95 

8290 

88.1 

0.16 

2430 

1150 

4900 

1550 

4.32 

100 

10800 

40.7 

0.78 

1190 

826 

6290 

884 

4.53 

76 

10700 

89.4 

1.7 

2040 

1040 

6430 

1270 

4.11 

86 

10700 

89.7 

0.92 

2250 

1090 

5720 

1360 

4.23 

99 

7330 

22.3 

0.79 

1050 

757 

3200 

831 

3.91 

98 

7330 

44.6 

0.72 

1150 

688 

3340 

700 

3.75 

100 

7280 

77.6 

0.26 

2020 

716 

4140 

1030 

3.86 

127 

7320 

121 

0.42 

2430 

680 

4330 

1120 

3.48 

108 

3700 

44.9 

0.68 

1320 

537 

2190 

820 

3.72 

111 

3660 

121 

0.44 

2850 

461 

3810 

1190 

3.80 

137 

3700 

22.3 

0.77 

860 

520 

1710 

641 

3.62 

97 

3670 

79.1 

0 26 

2280 

602 

3260 

1070 

3.96 
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■T - 298 K in all experiments. 
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Fig. 3. Plot of *n vs. [Br 2 ] for the results summarized in Table 1. The full line is obtained 
from an unweighted linear least-squares analysis. 


the Br 2 flow off. The process which causes k n to increase when Br 2 is added 
cannot be identified with any degree of confidence. 

The values of fc 7 (298 K) obtained from eqn. (21) and summarized 
in Table 1 do not appear to vary systematically as a function of either the 
CH 3 CHO concentration or the Br 2 concentration. A simple average of the 
k n (298 K) values obtained from all 17 experiments is (1.06 ± 0.39) X 1CT 10 
cm 3 molecule -1 $ -1 where the error is 2 a and represents precision only. 
Alternatively, k n can be evaluated from the slope of a plot of K — k n vs. 
[Br 2 ] (Fig. 4). An unweighted linear least-squares analysis of the data 
plotted in Fig. 4 gives the result k n (298 K) t 2o * (1.08 ± 0.22) X 10 " 10 cm 3 
molecule -1 s -1 . The improved precision of the second method for determin- 
ing k n results from the fact that data at high [Br 2 ], where K — k n is relative- 
ly large and therefore more accurately determined, are effectively given a 
higher weight in determining the K — k u vs. [Br 2 ] slope, whereas all points 
are weighted equally in the simple average. Hence the “slope” method of 
analysis is preferred. We estimate the absolute accuracy of our fc 7 (298 K) 
determination to be ±35% and, therefore, report the rate coefficient 

fe 7 (298 K) * (1.08 ± 0.38) X 10 -10 cm 3 molecule -1 s -1 

It should be noted that the only important mechanistic assumption required 
to extract the above value for * 7 (T) from the data analysis is that reaction 
(7) is the only process which regenerates bromine atoms. For the chemical 
system of interest here, this assumption appears to be justified. 

Typical Br(*P 3/2 ) temporal profiles observed under conditions of 
relatively low [Br 2 ] are shown in Fig. 5. The decays are exponential. How- 
ever, simulations employing eqn. ( 12 ) in conjunction with the rate coef- 
ficients determined in the high [Br 2 ] experiments demonstrate that, over the 
range of Br 2 and CH 3 CHO concentrations employed, the observed temporal 
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Fig. 4. Plot of K — kn u*. [Br^] for the result* summarized in Table 1. The full line is 
obtained from an unweighted linear least-squares analysis and gives the bimolecular rate 
coefficient fc?. 



time (ma) 


Fig. 5. Typical Br( i P 3 /2 ) temporal profiles observed under conditions of relatively low 
[Br 2 ] (1 X 10 12 cm' 3 or less). P« 150 Torr N 2 ; T- 255 K. [CHjCHO] in unit* of 10 14 
molecules cm -3 : (a) 0; (b) 2.25; (c) 3.80; (d) 6.63; (e) 13.4. Full lines are obtained from 
linear least-squares analyses and give the following pseudo-first-order rate coefficients: (a) 
40 s' 1 ; (b) 781 «' ! ;<c) 1310 a" 1 ; (d) 2260 «~ l ; (e) 4690 s' 1 . 


profiles should be slightly non-exponential due to bromine atom regenera- 
tion via reaction (7). To analyze the experimental data, we obtained an 
uncorrected pseudo-first-order decay rate k' by carrying out a linear least- 
squares analysis of the first two 1/e times of decay (i.e. down to [Br] f / 
[Br] 0 * 0.135); we then corrected using the ratio of the simulated decay 
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rate with the Br 2 concentration set equal to zero to the simulated decay rate 
for the Br 2 concentration employed in the experiment. The simulated decay 
rates were obtained from linear least-squares analyses of the simulated 
In [BrJ, vs. t data for the first two 1/e times of decay. For simulations at 
temperatures other than 298 K, it was assumed that the nearly gas kinetic 
k n value was independent of temperature. Two scenarios were adopted for 
the temperature dependence of k n . One set of simulations was carried out 
with k n assumed to be independent of temperature. A second set of simula- 
tions assumed that the [Br 2 ]-independent component of k n , which was 
speculated to be due primarily to the addition reaction (3), varied according 
to the expression k(T) * k (298 K) (T/298)" 4 ; the JBr 2 ]-dependent com- ’* 
ponent of k n , which was very small under the conditions of the low [Br 2 ] 
experiments, was assumed to be independent of temperature. 

The results of the “low [Br 2 ]” experiments are summarized in Table 2. 

The rate coefficients k 6 (T) reported in Table 2 were obtained from linear 
least-squares analyses of plots of k\ the pseudo-first -order Br( 2 P 3;2 ) decay 
rate, vs. CH 3 CHO concentration. As can be seen from inspection of Table 2, 
although correction for Br( 2 P 3/2 ) regeneration raised individual k' values by 
factors ranging from 1.03 to 1.21, corrected k e (T) values were only about 
4 % larger than the uncorrected values. The magnitudes of the corrections to 
k t (T) did not depend strongly on temperature, and were virtually indepen- 
dent of the temperature dependence adopted for k n (T). It should be noted 
that the method used to obtain a corrected value for k 6 (T) required an 
initial estimate of k t (T). However, this estimate could be made quite ac- 
curately because the required corrections were so small. For this reason, it 
was not necessary to employ an iterative procedure to obtain accurate 
correction factors. 

The rate coefficients k t (T) determined in this study are listed in Table 
2 and plotted in Arrhenius form in Fig. 6. An unweighted linear least-squares 
analysis of the In k t vs. T~ l data gives the Arrhenius expression (255 K < T < 

400 K) 

k 6 (T) = (1.51 ± 0.20) X 10" 11 exp{— (364 ± 41 )/T) cm 3 molecule" 1 s" 1 

where the errors are 2o and represent precision only. The above Arrhenius 
parameters seem reasonable. The A factor is typical of that found for a 
direct atom-molecule hydrogen abstraction reaction and the trend for 
bromine atom reactions with formaldehyde and acetaldehyde is similar to 
the trends observed for other radical-aldehyde reactions, i.e. similar A 
factors but larger activation energies for the formaldehyde reaction than for 
the acetaldehyde reaction [12]. 

From the above Arrhenius expression we obtain k t (298 K) * 4.45 X 
10” 12 cm 3 molecule" 1 s" 1 — about 25% faster than the two literature values 
[1, 3]. We estimate the uncertainty in our fc 6 (298 K) value to be ±15% (2o). 

Niki et al. [1] report a 2a uncertainty of ±6% for the ratio kjk 8 , whereas 
the uncertainty in k s is estimated to be ±30% [12]. Hence our result agrees 
well with that of Niki et al. considering the combined uncertainties of the 
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Summary of result* obtained at relatively low Br 2 concentrations' 
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T 

(K) 

IBrj] 

( 10 11 molecules 
cm"*) 

ICH 3 C//O] 
( 10 11 molecule* 
cm” 3 ) 

*■ (*~’) c 



*6 ± 2 O b 
( 10” 12 cm 3 
molecule ” 1 s” 1 ) 

A 

B 

C 

255 

10.3 

0 

40 

40 

40 

A: 3.45 ±0.06 


5.13 

2250 

781 

841 

820 

B: 3.59 ± 0.07 


10.0 

3800 

1310 

1470 

1420 

C: 3.59'± 0.06 


6.11 

4890 

1660 

1760 

1730 



10.2 

6630 

2260 

2450 

2410 



10.3 

12000 

4100 

4320 

4300 



9.59 

13400 

4690 

4890 

4870 



298 

8.72 

0 

34 

34 

34 

A: 4.27 ±0.24 


4.70 

2920 

1230 

1300 

1300 

B: 4.40 ± 0.33 


8.08 

2990 

1310 

1440 

1440 

C: 4.40 ± 0.33 


4.69 

6040 

2530 

2620 

2620 



8.66 

6100 

2710 

2890 

2890 



8.02 

8020 

3630 

3800 

3800 



8.00 

10500 

4400 

4540 

4540 



298 

7.29 

0 

32 

32 

32 

A: 4.44 ± 0.30 


6.90 

2070 

880 

968 

968 

B: 4.61 ± 0.24 


6.89 

3530 

1410 

1510 

1510 

C: 4.61 ± 0.24 


6.52 

4680 

2010 

2130 

2130 



6.51 

5470 

2390 

2510 

2510 



6.51 

6980 

3140 

3270 

3270 



345 

9.18 

0 

41 

41 

41 

A: 4.96 ± 0.17 


8.64 

1350 

724 

829 

872 

B: 5.23 ± 0.24 


9.00 

2250 

1190 

1340 

1370 

C: 5.23 ± 0.32 


9.10 

3950 

1950 

2120 

2140 



8.66 

5840 

2970 

3140 

3160 



400 6.82 

0 

29 

29 

29 

A: 5.87 ± 0.26 

6.78 

1050 

605 

675 

734 

B: 6.08 ± 0.26 

6.54 

1620 

956 

1040 

1090 

C: 6.06 ± 0.28 

6.48 

2730 

1570 

1680 

1700 


6.15 

3360 

2060 

2170 

2200 


6.43 

4180 

2380 

2490 

2520 


6.33 

5410 

3220 

3350 

3360 



a [Br ] 0 wa* in the range (1.4 * 3.5) X 10 10 atom* cm ” 3 in all experiment*. 
b Error* represent precision only. 

C A, uncorrected for bromine atom regeneration via the CH 3 CO ♦ Br 2 reaction; B, cor- 
rected for bromine atom regeneration via the CH 3 CO ♦ Br 2 reaction assuming that k n is 
independent of temperature; C, corrected for bromine atom regeneration via the 
CH 3 CO ♦ Br 2 reaction assuming that the [Br 2 ]*independent component of k n has a T~ 4 
temperature dependence (see text for rationale). 
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1000/T (K > 


Fig. 6. Arrhenius plot for the reaction Br( 2 P 3/2 ) ♦ CH3CHO -► CH3CO ♦ HBr. The full line 
is obtained from an unweighted linear least-squares analysis. 

two studies. Islam et al. [3] carried out a VLPR study of the kinetics of 
reaction (6) and obtained the result k 6 (300 K) t 2a * (3.5 ± 1.0) X 10 -12 
cm 3 molecule” 1 s” 1 , again in agreement with our result within the combined 
uncertainties of the studies. Islam et al. observed upward curvature in their 
plots of [Br] 0 /[Br] us. (CH 3 CHO) which they considered to be insignificant 
due to the relatively large uncertainty associated with the data points at high 
values of [Br] 0 /[Br]. Islam et al generated bromine atoms by passing a Br 2 - 
He mixture through a microwave discharge. Incomplete dissociation of Br 2 
in the discharge would have resulted in the observed upw’ard curvature of the 
[Br]o/[Br] us. [CH 3 CHO] plot, because reaction (7) would have represented 
a more important bromine atom regeneration step at low [CH 3 CHOJ than at 
high [CH3CHO]. If Br 2 was present in the reactor of Islam et al , it is clear 
that they would have underestimated k 6 . 

Barnes et al. [13) have recently published the results of a competitive 
kinetics investigation of bromine atom reactions with a series of alkanes, 
alkenes and alkynes. These workers used the reactions of bromine atoms 
with CH3CHO and 2-methylpropane as their reference reactions. The results 
of Niki et al. [1] and Islam et al. [3] were used to obtain an absolute value 
for k t , and the recent results of Russell et al. [14] were used to obtain an 
absolute value for the Br-2-methylpropane rate coefficient. As a consistency 
check, Barnes et al. studied the Br-propyne reaction using both CH 3 CHO 
and 2-methylpropane as competitors. Their Br-propyne rate coefficient was 
33% faster when referenced to 2-methylpropane than when referenced to 
CH 3 CHO; if our value for k e (T) was used, this would reduce the difference to 
less than 10%. 
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A pulsed laser photolysis technique has been employed to study the kinetics of the important 

a* 

stratospheric reaction O + CIO — Cl + 0 2 in N 2 buffer gas over the temperature and pressure 

ranges 231-367 K and 25-500 Torr. 351 nm pulsed laser photolysis of G 2 /C> 3 /N 2 mixtures 

produced G atoms in excess over 0 3 . After a delay sufficient for the reaction 

Cl -I- 0 3 — CO + 0 2 to go to completion, a small fraction of the CO was pbotolyzed at 266 nm 

to produce 0( 3 P). The decay of O(lP) in the presence of an excess, known concentration of 

CO was then followed by time-resolved resonance fluorescence spectroscopy. We find that *, 

is independent of pressure, but that *,( T) increases with decreasing temperature. Our results 

suggest that the Arrhenius expression k x {T) = (1.55 ± 0.33) X 10 -n exp{(263 ± 60 )/T} 

cm 3 molecule - 1 s -1 is appropriate for modeling stratospheric chemistry. Errors in the 

Arrhenius expression are 2*7 and represent precison only. The absolute accuracy of *, at any ’ ' . * 

temperature within the range studied is estimated to be ± 20%. Our results agree with other 

recent measurements of *, at 298 K but give significantly faster rate coefficients at 

stratospheric temperatures. A few measurements of the rate coefficient for the reaction 

CIO + GO — products were also carried out. These measurements were necessary to assess the 
time dependence of [GO]. 


INTRODUCTION 

The reaction of ground state oxygen atoms O CP) with 
GO radicals is the rate determining step in the dominant 
catalytic cycle via which chlorine atoms destroy odd oxygen 
in the middle stratosphere: 

0 + G0-0 2 + G, (1) 

Cl + 0 3 -G0 + 0 2 (2) 

Net: 0"+ 0 3 — 20 2 . 

The primary source of stratospheric chlorine atoms is the 
photolysis of anthropogenic chlorofluorocarbons. 

Seven measurements of A, (298 K) are reported in the 
literature. 1-7 There is agreement among the five most recent 
studies that *,(298 K) lies in the range 3. 5-4.2 X 10“ 11 
cm 3 molecule - 1 s - *. The activation energy for reaction ( 1 ) 
is known to be small, 2 ' 7 but its value is not as well defined as 
would be desirable for such an important stratospheric reac- 
tion. In fact, it is not clear if k x (T) increases or decreases 
with decreasing temperature. In addition to the abovemen- 
tioned studies of reaction ( 1 ) at atmospheric temperatures, 
one high temperature ( 1250 K ) shock tube measurement of 
*, has been reported, 1 as has one theoretical calculation of 
*,( D over the temperature range 220-1000 K. 9 

Because predictions of chlorine catalyzed ozone loss are 
very sensitive to the value of *,(7*) used in model calcula- 
tions, it is important that this rate coefficient be determined 
with high precision at stratospheric temperatures. Studies 
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employing a variety of experimental techniques are desirable 
in order to uncover possible systematic errors. All previous 
studies of reaction ( 1 ) at ambient and subambient tempera- 
tures 1 ' 7 employed discharge flow systems which were limit- 
ed to total pressures of 10 Torr or less. It is interesting to note 
that reaction ( 1 ) occurs on a potential energy surface with a 
minimum along the reaction coordinate, i.e., the intermedi- 
ate complex GOO is a bound species whose ground state 
correlates with O CP) + GO(Jf V ). 10 Reactions which oc- 
cur on potential energy surfaces of this type often exhibit 
negative activation energies and pressure dependent rates. 

We have recently developed a pulsed laser photolysis 
method for carrying out direct kinetics studies of radical- 
radical reactions at pressures up to 1 atm, and applied this 
method to study the temperature and pressure dependences 
of the O 4- H0 2 reaction. 11,12 Using an extension of the tech- 
nique employed in the O + H0 2 investigations, we have 
studied the kinetics of reaction ( 1 ) in N 2 buffer gas over the 
temperature and pressure ranges 231-367 K and 25-200 
Torr. Our results, which include observation of a significant 
negative activation energy, are reported in this paper. 


EXPERIMENTAL 

A schematic of the apparatus appears in Fig. 1 . The two 
radical species were created via a scheme involving two sepa- 
rate photolysis lasers. Under “slow flow” conditions, a gas 
mixture containing G : and 0 3 in a large excess of N : buffer 
gas was first subjected to photolysis by a XeF excimer laser, 

G 2 -f *v(351 nm) — 2G. (3) 

? <988 American Instljte o f pH ysiCS 
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FIG. 1. Schematic diagram of the experimental apparatus The abbreviations used are as follows. FT — flow transducer, Hg — mercury pen-ray lamp; PM — 
photomultiplier tube; HV — high voltage power supply, MWPS — microwave power supply, RL — resonance lamp, DG — delay generator, PG — pressure 
gauge, MCA — multichannel analyzer, D— doubling crystal, CE — counting electronics. For the sake of clarity, the resonance lamp and pbotomuJtiplier tube 
are shown facing each other when, in fact, they were mounted at 90* to each other and perpendicular to the direction of the laser beams 


The combination of the excimer laser fluence and [G 2 ] was 
always large enough for the condition [G] 0 > [O 3 ] 0 tohold. 
During a predetermined delay period, t d , the reaction 

g + o 3 -go + o 2 (2) 

was allowed to go to completion. At this time the ozone in 
the reaction cell had effectively been titrated by G atoms and 
the initial value of IO 3 ) 0 could be related to [GO] v At the 
end of this delay a second laser pulse, the fourth harmonic of 
the fundamental wavelength from a Nd:YAG laser, photo- 
lyzed a small fraction of the GO, 

GO + M266 nm) -G + O. (4) 

The decay of oxygen atoms in the presence of excess GO was 
followed by monitoring the time dependence of fluorescence 
signal which was continuously excited by a microwave dis- 
charge resonance lamp. The lamp was operated with a low 
pressure of helium ( < 1 Torr ) containing a small fraction of 
0 2 . 

The ozone storage bulb contained a mixture of 1% to 
7% 0 3 in nitrogen, while the C\ 2 was stored neat. These 
species were leaked through needle valves into the main gas 
flow. Ozone in the gas flow was measured in a 35.0 cm ab- 
sorption cell that was placed within a multipass optical ar- 
rangement. Using modified White cell optics, 30 passes of 


the 254 nm Hg line from a pen-ray lamp were sent through 
the absorption cell for an effective path length of 10.50 m. 
The chlorine was measured in a 2 1 6 cm absorption cell using 
a single pass of the 366 nm Hg line, also from a pen-ray lamp. 
Both atomic lines were isolated using suitable bandpass 
filters. Typically, the absorption cells were upstream from 
the reaction cells, although in a few experiments the G 2 and 
0 3 were measured after the flow exited the reaction cell. 
Because G 2 absorbance at 254 nm was not totally negligible 
[a= 1.6x 10~ 21 cm 2 (Ref. 13)], the reference light intensi- 
ty for the [ 0 3 ] determination was always measured with G 2 
flowing. The G 2 absorption cross section at 366 nm and the 
0 3 absorption cross section at 254 nm were taken to be 
1.01 XlCT 19 cm 2 (Ref. 13) and 1.147X10’ 17 cm 2 (Ref. 
14), respectively. 

The Pyrex reaction cell measured 16 cm along its longer 
axis and had an internal diameter of 4 cm. The two laser 
beams counter-propagated along the longer axis. Around the 
middle of the cell were four 1.5 cm diameter side arms, each 
perpendicular to the long axis of the cell and at 90* to each 
other. The resonance lamp radiation entered the cell 
through one of the side arms and the fluorescence signal w as 
collected through a neighboring arm. The central portion of 
the cell was surrounded by a jacket through which thermos- 
tated liquids were flowed to control the temperature of the 
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gas mixture inside the reactor. The gas mixture entered the 
cell through several ports very near the window at one end of 
the long axis and exited the cell through similar ports near 
the opposite window. Because the chemistry initiated by the 
excimer laser beam completely titrated one component (0 3 ) 
of the gas mixture within much of the cell volume, the cell 
was designed to have minimum total volume and low dead 
space, i.e., gas flowed through all volume elements of the cell 
at approximately equal rates. The typical linear flow rate 
through the cell was 14 cm s“ 1 and the repetition rate of the 
two laser sequence was usually 0.4 Hz. Therefore, the gas 
mixture within the entire volume of the reaction cell was 
replenished between excimer laser pulses. The temperature 
of the gas mixture was measured by replacing one of the end 
windows with an acrylic flange through which a copper- 
constantan thermocouple could be inserted. The errors in 
the reported temperatures are estimated to be no more than 
± 1.0 K at the extreme temperatures and less at intermedi- 
ate temperatures. 

Oxygen resonance lamp radiation was focused into the 
reaction zone by a 2 in. focal length MgF 2 lens. The reaction 
zone was viewed by a solar blind photomultiplier tube 
through a similar lens. The volumes between the resonance 
lamp and the reaction cell, and between the reaction cell and 
the photomultiplier tube were purged with a mixture of 1% 
0 2 in nitrogen. This excluded room air and also acted as a 
filter of extraneous emissions from the resonance lamp. A 
CaF 2 window between the cell and the photomultiplier tube 
eliminated the possibility of hydrogen atom detection. Flu- 
orescence signals were accumulated using photon counting 
techniques in conjunction with multichannel scaling. Each 
sw eep of the analyzer was triggered simultaneously with the 
excimer laser. From 50 to 500 flashes were averaged to ob- 
tain sufficient signal-to-noise ratio for quantitative kinetic 
analysis. 

The total pressure in the flow system was measured with 
a capacitance manometer. Due to the necessarily fast flow 
rate and the small (4.0 mm i.d.) tubing connecting the var- 
ious components of the flow system, there were measurable 
pressure gradients between the absorption cells and the reac- 
tion cell. Quantitative adjustments were made for these gra- 
dients in the calculation of the G 2 and 0 3 concentrations in 
the reaction cell under each set of conditions. The magnitude 
of the adjustment was largest at the lowest pressure ( 1 5% at 
25 Torr) and negligible at the highest ( 1% at 200 Torr). The 
nitrogen buffer gas comprised at least 94% of the mixture for 
all experiments and its flow rate was monitored using a cali- 
brated electronic mass flowmeter. 

The concentration of CO, the excess species in this 
technique, was derived from the concentration of ozone as 
measured "in s/ru." Therefore, it was not necessary to have 
an absolute calibration of the photolysis laser fluences. How- 
ever, it was important to know that following the excimer 
laser pulse the condition [C] > [0 3 ] held throughout the 
reaction zone. Therefore, the excimer laser fluence was mea- 
sured in each experiment. As will be discussed below, it was 
also important to monitor the 266 nm laser fluence. Both of 
these quantities were determined using a photodiode-based 
calibrated radiometer. With the front optic of the excimer 
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laser approximately 2 m from the center of the reaction cell, 
the beam was rectangular in cross section and measured 2.0 
by 4.0 cm. When measured through a 0.5 cm diameter aper- 
ture, the fluence peaked at the center of the beam and 
dropped off by 10% per 0.5 cm distance from the center in 
both the vertical and horizontal directions. The beam from 
the Nd:YAG laser was aligned at the center of the volume 
irradiated by the excimer laser. It was estimated to be 
0.4 ± 0. 1 cm in diameter. 

The reagent purities and sources were as follows: N 2 
(99.999%, Spectra Gases, Inc. ); Cl 2 (99.9%, Matheson Gas 
Products, Inc.); 0 2 (99.99%, Spectra Gases, Inc.). Ozone 
was prepared in a commercial ozonator using UHP oxygen. 
It was stored at 195 K on silica gel and degassed at 77 K 
before use. The other gases were used without further purifi- 
cation. 

RESULTS . • 

In the absence of competing reactions that either deplete 
or enhance the ground state oxygen atom [0( 3 P) ] concen- 
tration, the temporal behavior of [0( 3 P) ] following the 266 
nm laser pulse can be described by the relationship 

ln{[0( 3 P)],/[0( 3 />)],,}= - (*,[00] +*;)(!-!,) 


= -*'(/-*„), (I) 

where 

*; = * 5 [ci 2 ] + * 6 . (id 

In Eq. ( II ) , * 5 and k t are the rate coefficients for the follow- 
ing processes: 

O ( 3 F) + G 2 — products, ( 5 ) 

0( 3 P) — loss by diffusion from the viewing (6) 


zone and reaction with background 
impurities. 

A typical experimental 0( 3 / > ) temporal profile is shown 
in Fig. 2. Unexpectedly, a significant buildup and decay of 
0( y P) occurred before the 266 nm laser fired, possible 
sources of this 0( 3 P) and its implications for our study of 
reaction ( 1 ) are discussed below . It should be noted that the 
vertical axis in Fig. 2 has units of concentration. To con- 
struct Fig. 2, the fluorescence signal before the 266 nm laser 
fired was scaled to account for the fact that the 35 1 nm laser 
photolyzed the entire field of view of the detection system, 
while the 266 nm laser photolyzed only 15% of the detector 
viewing zone. The size of the viewing zone was estimated by 
placing a series of apertures in front of the 35 1 nm beam and 
noting the variation of fluorescence signal strength with 
beam size. 

Typical decays of O CP) generated by the 266 nm laser 
pulse are shown in Fig. 3. At each temperature and pressure 
a minimum of five and an average of eight experiments were 
performed at various values of [O 3 ] 0 . Because the Nd:YAG 
laser fluence was measured in each experiment, the amount 
of GO lost via 266 nm photolysis could be quantified. The 
expression 

iao]„ = io 3 ] 0 -[O( 5 / , )]„ aii) 

was used to calculate the GO concentration under the as- 
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FIG. 2. An experiment*] O atom temporal profile obtained under the fol- 
lowing conditions: [Cl 2 ] = 1.40X 10 16 molecules cm" 3 ; 

[Oj] 0 = 7.27 x 10 13 molecules cm' 3 ; (CT] 0 = 1.82 X 10 u molecules 

cm -3 ; ToLaJ pressure = 25 Torr; temperature = 298 K, MCA dwell 
time = 25 /xs. 


sumption that no loss of CIO occurred during the delay 
between photolysis laser pulses. The ratio [CX 3 / 3 ) ]/[C10] 
immediately following the 266 nm laser pulse was deter- 
mined for each experiment, and was typically in the range 
0.01-0.04. Hence, it was appropriate to correct each mea- 
sured decay rate for slight deviations from pseudo-first-or- 
der conditions. These corrections were derived from com- 
puter simulations of reactions (1), (5), and (6) under the 
range of experimental conditions employed. Best fit values 
for each decay rate ( k ' ) were obtained from linear regression 
analyses of the experimental data over at least 2 1/e times. 
Each value of k ' was then increased by 2% or less using the 
appropriate non-pseudo-first -order correction. Representa- 
tive plots of [ CIO ] vs k ' are shown in Fig. 4. These data were 
subjected to linear least squares analyses to give values for 
k x . The results are presented in Table I. Note the separate 
columns for k x (uncorrected) and k x ( corrected). The for- 
mer represents the best fit to the data when k ' was not cor- 
rected for non -pseudo- first -order behavior and [CIO] was 
set equal to [O 3 ] 0 less the amount photolyzed to produce 
[OC 3 / 3 ) ]. The latter Ac t values include the small non-pseudo 
firs' -order correction to k ' and additional corrections to 
[GO] discussed below. 

The absorption cross section used to calculate the 
amount of GO photolyzed by the Nd:YAG laser was esti- 
mated experimentally. The signal level immediately after the 
Nd:YAG laser fired was directly proportional to the concen- 
tration of oxygen atoms. If the Nd:YAG laser was not pre- 
ceded by a pulse from the excimer laser, then the photolyte 
was 0 3 . If all the 0 3 had been converted to GO via reaction 
with Cl atoms created in the 351 nm excimer pulse, then the 
signal was due to CIO photolysis. Therefore, in back-to-back 
experiments with constant [G 2 ], [0 3 ] and 266 nm fluence, 
the ratio of CK 3 / 3 ) signal with and without 351 nm photolysis 
should be identical to the ratio of the GO and 0 3 absorption 



FIG. 3. Typical O atom temporal profiles These experiments were earned 
out under the following conditions (all concentrations expressed in mole- 
cules cm" 3 ): 25 Ton - total pressure; 7= 298 K, |C1- J = 9 8 x 10’ 5 ; 
(Oj] 0 = 1.73 X 10 13 (A), 5.15 x 10 13 (B). 8.76x10" (C); and 
(CIJo = I.I0X 10 M (A); 1.66 x I0 M (B). 2.29 x 10’ 4 (C). 



FIG. 4. A k ' vs (GOl plot of typical data taken at 25 Torr total pressure of 
N : and at three temperatures Note that the 298 and 231 K data have been 
displaced upward by 1000 and 2000 $"\ respectively. Solid lines are ob- 
tained from linear least squares analyses and give the following rate coeffi- 
cients(in units of 10" " cm' molecule" 1 s"'):4 99 at 231 K.4.07 at 298 K. 
3 44 at 367 K 
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TABLE I Summary of A, determinations.* 


Temperature 

(K) 

Pressure 

(Torr) 

A , X 10“ (uncoirected) b 
(cm 3 molecule"’ s" *) 

A , x 10" (corrected) 
(cm 3 molecule" ' s~ ') 

231 

25 

4.64 

4- 

0.16 

4.99 


0.17 

238 

25 

4.25 

± 

0.43 

447 

± 

0.43 

252 

200 

3.10 

± 

0.22 

3.97 


0.30 

255 

25 

4.15 

± 

0.20 

442 

± 

0.20 

255 

200 

3.25 

± 

0.20 

3.95 

± 

0.32 

257 

25 

3.86 

± 

0.15 

4.10 

± 

0.11 

257 

25 

4.30 

± 

0.15 

4.47 

± 

0.19 

275 

25 

3.94 

± 

0.17 

4.10 

± 

0.16 

298 

25 

3.55 

± 

0.21 

3.84 

± 

0.14 

298 

25 

3.47 

± 

0.25 

3.59 

± 

0.25 

2°8 

25 

3.51 

± 

0.14 

3.62 

± 

0.13 

298 

25 

3.87 

± 

0.36 

3.93 

± 

0.36 

298 

25 

3.89 

± 

0.15 

4.07 

± 

0.17 

298 

50 

3.91 

± 

0.23 

4.07 

± 

0.24 

298 

50 

3.62 

± 

0.15 

3.98 

± 

0.18 

298 

50 

3.70 

± 

0.12 

3.91 

± 

o.ir 

298 

50 

3.53 

± 

0.19 

3.76 

± 

0.14 

298 

50 

3.76 

± 

0.16 

3.98 

± 

0.14 

298 

100 

3.73 

± 

0.68 

3.97 

± 

0.67 

298 

200 

3.39 

± 

0.27 

3.73 

± 

0.24 

298 

200 

3.39 

± 

0.28 

3.71 

± 

0.32 

298 

200 

3.55 

± 

0.12 

3.76 

± 

0.13 

298 

500 

3.18 

± 

0.16 

4.03 

± 

0.20 

338 

25 

3.16 


0.60 

3.26 

± 

0.12 

359 

200 

2.99 

± 

0.14 

3.09 

± 

0.15 

360 

25 

2.89 

± 

0.13 

2.96 

± 

0.12 

367 

25 

3.35 

± 

0.13 

3.44 

± 

0.13 

• Errors are 2 o and represent precision only. 

‘’Uncorrected values have not been adjusted for non-pseudo-first -order conditions and [CIO] loss by reaction 
( 5 ) See the text for details. 

1 Carried out with 283 nm photolysis of CIO. under “reversed" and "normal" flow conditions. 


cross sections at the Nd:YAG laser wavelength [the 0( l D) 
product of 0 3 photolysis is rapidly quenched to 0(*P) by 
N T : ] . This experiment resulted in a value of 0.35 for the signal 
ratio. If 0 3 ) is taken to be 9.0x 10“ 18 cm 2 (Ref. 13) 
then a 2t *(C10) is ^3.1 X 10“ ' 8 cm 2 . This is somewhat low- 
er than the low resolution cross section at this wavelength 
that is reported in the literature.' 3 However, we carried out 
the identical signal level comparison near 283 nm, a wave- 
length w here the high resolution cross section has been char- 
acterized.' 6 Using a frequency doubled, Nd:YAG pumped 
tunable dye laser the rotational structure in the CIO spec- 
trum was reproduced by observing t v e resonance fluores- 
cence signal as the wavelength was scanned. At 282.95 nm, 
the peaks of the R( 19.5) and P( 16.5) lines of the A V 3/2 - 
X 2 ir 3/7 9-0 band, we observed a factor of 1.65 ± 0.20 more 
fluorescence signal when the excimer laser photolyzed Cl 2 
than when the excimer laser beam was blocked. Based on the 
dye laser linewidth employed and the literature values for 
the ozone and CIO cross sections, we expected a ratio of 
1.80 ± 0.40. This result confirms our value for a 266 (GO). 

As mentioned above, the delay between the two laser 
pulses / d , was adjusted to be long enough for reaction (2) to 
go to completion. The value of the Cl + 0 3 rate constant is 
reasonably well known 13 so an appropriate delay time could 
be calculated. As a check the delay time was varied until a 
constant signal and decay rate were observed, indicating that 


all the 0 3 had been converted to CIO. The majority of experi- 
ments were carried out with delay periods of either 3.4 or 6.4 
ms. 

The temporal behavior of CIO could be monitored by 
following both the O CP) signal level produced by 266 nm 
photolysis and the measured value of k \ For some condi- 
tions (lower temperature, higher pressures) it was observed 
that GO was decreasing on the time scale of the delay 
between the two lasers. The disappearance of CIO is prob- 
ably due to self-reaction, a process that has not been com- 
pletely characterized.' 7 In order to make a correction for the 
amount of GO lost during the delay between laser pulses and 
also during the O atom decay, a series of experiments were 
carried out in which the delay time was varied at fixed [0 3 ], 
[G 2 ], and laser fluences. 

For the process 

GO - 1 - GO — products ( 7 ) 

the time dependence of [GO] is described by the relation- 
ship 

2* 7 /= [ClOl,- 1 - [ClOJo 1 . (IV) 

If we define k r to be the second-order rate coefficient for 
CIO removal under our experimental conditions, then plot- 
ting [CIO] " ' vs t should yield a straight line of slope 2 k r 
and intercept equivalent to [GO] 0 ~ '. The absolute concen- 


j Vo! e? NO 9 1 November 1968 

255 


Nicovich, Wine, and Ravishankara. Kjnebcs of the OfP) + CIO reaction 


5675 



FIG. 5. A plot of [CIO] ~ 1 vs delay time. The open circles are based on OO 
concentrations calculated from the O atom decay at each delay and the 
closed circles are based upon the fluorescence signal immediately following 
the 266 am laser pulse. The triangular point on the abscissa represents 
(O 3 lo ' Experimental conditions: 7 ~ = 252 K; />*= 200 Ton. 


tration of CIO needed to determine k n was deduced in two 
manners. In the first method, Eq . ( I ) was rearranged to cal- 
culate [CIO). Here k l was taken from fixed delay experi- 
ments at the same experimental temperature and pressure. 
k r was determined from Eq. (IV). Then the values for 
[CIO] in the fixed delay experiments were adjusted to ac- 
count for the loss of CIO during the delay. This procedure 
was iterated until constant values of k ] and k r were ob- 
tained. The second method involved relating the signal level 
immediately following the 266 nm laser pulse to the value of 
[CIO]. The signal calibration could be arrived at by two 
procedures. When enough data was available under the same 
expenmenta) conditions, a [CIO] vs signal calibration curve 
was constructed. Otherwise, signal vs delay time was plotted 
and extrapolated to time zero and that signal level normal- 
ized to [O,] 0 . This normalization factor w-as then used to put 


the signal level at each delay time on an absolute concentra- 
tion scale. Because of the reciprocal relation in Eq. (IV), the 
value of k T is quite sensitive to the scaling factor used in 
setting the value of [CIO]. Also the signal level is quite de- 
pendent on the operating conditions of the resonance lamp. 
Therefore, the values of k 7 determined from the first meth- 
od are more precise. However, when using k ' as a measure of 
[CIO], we assume that O atoms are removed only by reac- 
tion with GO and G 2 ; this assumption appears to be justi- 
fied. A typical plot of [ GO] “ 1 vs t appears in Fig. 5. The end 
results of a number of such experiments appear in Table II. 
These results are presented only as a measure of the phenom- 
enological loss rate of GO in our system, not as a definitive 
measurement of k 7 . 

Hayman et al. 11 report 298 K values for k n which are 
substantially faster than the values for k r (298 K J*) we have 
determined. However, our 255 K results appear to agree rea- 
sonably well with Hayman et c/.’s low temperature values 
for k n . According to Hayman et a/., 17 reaction (7) has an 
important branch to form a weakly bound dimer which can 
either decompose or react rapidly with chlorine atoms. The 
relevant reaction scheme is given below: 


GO + GO 4- M— (GO) 2 4 M, (7a, - 7a) 

GO 4- GO— OCIO 4 Cl, (7b) 

CIO 4 GO — other products, ( 7c ) 

Cl 4 (GO ) 2 -G 2 4 ClOO, (8) 

GOO 4 M — G 4 0 2 4 M, (9) 

Cl 4 aOO-a 2 4 0 2 (major), ( 10a) 

Cl 4 ClOO — 2C10 (minor), (10b) 

G 4 OCIO — 2C10. (11) 


Hayman et al. 11 obtained their kinetic data from a molecular 
modulation study. They observed much smaller apparent 
values for k 7 during the lights-off cycle (no chlorine atoms 
present) than during the ligbts-on cycle (large concentra- 
tion of chlorine atoms present). Hence, a plausible explana- 
tion for the difference between our k 7 (298 K) determina- 
tions and the * 7 (298 K) values reported by Hayman etal} 1 


TABLE II. Summary of k r determinations. 


rcK) 

ATorr) 

o 

i 

z 

0 

o~" 

10- '’[O,]* 

No. of 
experiments 

Range of 
fg( ms) 

10'’* T ** 

252 

200 

4.0-4. 8 

10.4 

6 

1.5-45 

2.27 ± 0 18 

255 

25 

4.0-5. 1 

9.8 

6 

3.0-45 

0 47 ± 0.19 

255 

200 

3.4— 4.7 

12.2 

8 

3.0-50 

2.47 ± 0.18 

298 

16 

1. 7-2.5 

7.3 

7 

1.5-60 

0.17 ±0.12 

298 

50 

4. 3-7. 8 

13.0 

6 

5.0-60 

0.40 ± 0.09 

298 

50 

2.2-5. 2 

8.3 

8 

1.5-60 

0.36 ± 0.09 

298 

200 

1.9-4. 6 

9.7 

12 

1.5-60 

1.12 ± 0.11 

298 

200 

26-3.9 

6.15 

6 

1.5-60 

0.92 ±0.18 

298 

500 

3.2-34 

11.8 

6 

2 0-45 

1.63 ±0.17 

298 

500 

3.7-40 

5.9 

5 

1.5-35 

2.94 ± 0.63 

359 

200 

20-2.5 

9.3 

5 

3.0-45 

0.38 ±0.15 


“Units tre molecules per cm' . 
b Units are cm' molecule” 1 s“ *. 
c Errors are 2a, precision only. 
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TABLE III Correction factors for loss of OO via reaction (7) as a function of temperature, pressure, [0 3 ]^ and [G]</10 3 ]o. 


lO,] 0 

[auio,],* 

255 K 


298 K 


J63K 

25 Torr 

200 Ton 

25 Torr* 

200Ton 

500 Ton 

25 Ton 

200 Ton 

2.0x10'’ 

10 

0.993 

0.970 

0.996 

0.986 

0.970 

0.997 

0.994 

2.0x10“ 

5 

0.961 

0.943 

0.976 

0.968 

0.956 

0.987 

0.984 

6.0X 10“ 

6 

0.983 

0.918 

0.990 

0.962 

0.919 

0.992 

0.985 

6.0 X 10 11 

2 

0.930 

0.887 

0.952 

0.933 

0.901 

0.969 

0 964 

1.2X10’ 4 

5 

0.965 

0.845 

0.979 

0.926 

0.849 

0.984 

0.970 

1.2X10“ 

2 

0.964 

0.864 

0.979 

0.934 

0.877 

0.985 

0.973 


•Typical range of values for lClJ</(O 3 ) 0 employed in k, determinations. 
% k r determined by imerpolatjon to be 3x 10" ,4 cm 3 molecule _l •”*. 


is that *_ 7 .(298 K) was substantially faster than k g [Cl] 
under our experimental conditions, thus facilitating GO re- 
generation by dimer decomposition; this is, of course, a fa- 
vorable situation for measurement of *, but would result in 
systematic underestimation of k 1 . No clear variation of k r 
with [G] is evident in our data, although our experiments 
spanned a rather narrow range of chlorine atom concentra- 
tions (Table II). 

In order to make appropriate corrections for the loss of 
GO during the delay between laser pulses, a reaction system 
consisting of reactions (2) and (7) was modeled under a 
variety of initial conditions using literature values for 
k 2 (D 13 and setting k 1 = k r . From these calculations a set of 
correction factors (F) could be derived: 

^=[ClO] r /(O 3 ] 0 . (V) 

Values of F, g at t d = 3.4 ms are given in Table III as a func- 
tion of temperature, pressure, [O 3 ]o,and [G]o/[0 3 ] 0 . Note 
that the maximum correction is made for the highest value of 
[GO] for a given experiment; also, the longer the delay used 
in an experiment the larger the correction applied. For a few 
experimental conditions where k 1 was great enough (i.e., 
high pressure, low temperature) a correction was made to 
the observed k ' for loss of GO during the decay itself; this 
correction never exceeded 1.4%. 

As a further check on the consistency of our experi- 
ments, the rate coefficient for reaction ( 1 ) was determined 
at 298 K in 50 Torr N 2 using 283 nm photolysis of GO rather 
than 266 nm photolysis. The additional photolysis wave- 
length was provided by the frequency doubled, Nd:YAG 
pumped tunable dye laser. Also, to ensure that neither 0 3 
nor G 2 were being lost in the flow system, a measurement of 
*,(298 K) was carried out with the two absorption cells 
plumbed downstream from the reaction cell rather than in 
the “normal” upstream position. Neither of these variations 
in experimental parameters affected the observed kinetics. 

As mentioned above, a significant O atom signal was 
generated subsequent to the excimer laser pulse (Fig. 2). 
Leu 4 and Vanderzanden and Birks ,a have observed O atoms 
from the reaction of chlorine atoms with ozone. The follow- 
ing chemistry was proposed to explain their observations: 

G + O3-GO + C ) 2 (6'2/), (2') 

0 2 lb l lf) + 03-0 + 20;, (12) 


Subsequently, Q 100 and Leu 19 monitored 0 2 (h l 2+ ) di- 
rectly by observing its near infrared emission and put an 
upper limit of —0.05% on the 0 2 (b ’2^ ) yield from reac- 
tion (2). Such a yield is much too small to account for the 
observed levels of O CP) produced in the G + 0 3 stud- 
ies. 418 Choo and Leu have suggested that the O atoms may 
be generated by reactions of vibrationally excited GO 
formed in reaction (2), i.e., 


Cl + Oj-C10*(y'<18) +Oj, 

(2*) 

followed by 


C10*(i/>12) + Oj-Oj + O + CIO 

(13) 

or 


cio*(i>'>3) + a-a 2 + o. 

(14) 


In our system G atoms are in excess over 0 3 and, therefore, 
in excess over the GO created in reaction (2). Also, the 
occurence of reaction (14) results in loss of two GO mole- 
cules which otherwise would have been present at t d while 
the occurence of reaction (13) results in loss of only one C10 
molecule. Hence, reaction (14) would potentially have the 
larger effect on the GO concentration in our experiments. 
To examine the potential role of reaction ( 14) in consuming 
GO, we simulated the system chemistry using a Gear rou- 
tine to solve the rate equations numerically. The following 
scheme was modeled. 


ci + Oj-.ao* + Oj, 

(2*) 

ci + ao'-cij + o, 

(14) 

CIO* + M-CIO + M(M = Nj), 

(15) 

0 + ao-Oj + ci, 

(1) 

CIO ■+ CIO— products, 

(T) 

o + cij-cio + ci. 

(5a) 


Although reactions ( 2 * ) and (14) may have other channels, 
this scheme was devised to have the greatest impact on the 
[GO] at the end of the reaction period, therefore, only the 
branches that deplete GO were used. It should be noted that 
a large dependence of the extraneous 0( 5 P) signal on the 
total pressure in the system was observed. This observation 
would be consistent with quenching of either GO* or 
O 2 {b 1 2 * ) by N 2 . *, and * 5 are known, and the other rate 
coefficients were adjusted to reproduce the magnitude and 
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time (ms) 


FIG 6. Comparison of oxygen atom temporal profiJe immediately follow, 
ing 35 1 nm laser pulse to computer simulation of reaction scheme discussed 
in the text Experimental conditions are as follows: T * 298 K; 
[0 3 Jo = 1 -65 X 10' 3 molecules cm" 5 ; [G 2 J « 1 .42 X 10’ 6 molecules cm" 5 ; 
[Cl] 0 = 1.81 X 10 14 molecules cm" 5 ; pressure * 25 Ton. The reaction rate 
coefficients used in the simulation are: Jc, = 3.66 x 10""; 

k v = 1 . 1 8 X I0" n ; k.) « 2.91 X 10 "* 4 ; k r «3.0xI0" ,4 ; 

k n ■= 2.0X 10* n ; k t4 * 5.8 X 10"‘ 5 . All rate coefficients are in units of 
cm 3 molecule"' s"'. 


temporal behavior of the O atom signal observed. Typical 
results are shown in Fig. 6. It was found that the above reac- 
tion scheme lead to no more than a 7% perturbation in the 
concentration of GO. Of course there is no direct proof that 
the assumed reaction scheme is correct. However, it is the 
worst case of the suggested possibilities and any corrections 
would be quite small. Since the mechanism for O atom for- 
mation following the excimer laser pulse is not well under- 
stood, the effect of this chemistry on the GO concentration 
was not taken into account in the determination of “correct- 
ed” values for k l (Table I). 

The combination of G 2 photolysis, G + 0 3 reaction, 
and GO photolysis could result in some heating of the gas in 
the reaction zone. Calculations which assume worst case 
conditions, i.e., F = 25 Torr N 2 , [G] 0 — 6x 10 M molecules 
per cm 3 , [O 3 ] 0 *= 1 X 10 14 molecules per cm 3 , [0],^ 
» 2X 10 12 atoms per cm 3 , and all excess energy dissipated 
as heat show that laser heating of the reaction zone could not 
have exceeded 2 K in any experiment. This potential system- 
atic error is negligibly small so it was not incorporated into 
the data analysis. 

As discussed above, several corrections were made to 
either the observed k ' values or in the calculation of [GO] 
from [O 3 ] 0 . For clarity this set of corrections is reiterated. 

(a) A quantitative correction was made in k ' for non- 
pseudo-first -order conditions during the O atom decay. In 
only a few cases did this exceed a \ % adjustment. 


(b) [GO] was corrected for the amount of GO lost to 
photolysis at 266 nm. This correction was dependent upon 
knowledge of the laser fluence, which was monitored in ev- 
ery experiment using a calibrated radiometer, and on our 
estimated value of a 2w (GO). Because there was only a 
small adjustment to [GO] (on the average 3%) the final 
results were not very sensitive to this correction. For exam- 
ple, in an experiment where the fraction of GO photolyzed 
was above the average, an increase in <7 266 (GO) of a factor 
of 2 was found to change the final value of k, by only 4%. 

(c) Using the loss rate of GO determined in the same 

system, a correction was made to [GO] for the GO that 
undergoes self-reaction (or other loss processes) during the 
delay time between laser firings. The largest corrections 
were made at higher pressures, lower temperatures, and in 
long delay experiments. Because the simulation of the pro- 
duction and loss of GO was sensitive to the errors in our 
measurements of k r , this correction has a rather large un- 
certainty. # ’ * . * 

(d ) A few decays were corrected for CIO loss during the 
decay itself; however, this correction was insignificant under 
most experimental conditions. 

(e) It was concluded that of the known possibilities for 
the source of O atoms prior to GO photolysis, none could 
have had more than a 2 % effect on [GO] lrf ; no corrections 
were made for this chemistry. 

Even though there were several corrections made in or- 
der to reach a final value for k ] at each temperature and 
pressure, the magnitudes of the corrections were small in 
most cases (see Table I), the corrections could be quantita- 
tively applied, and in general, the results are self-consistent. 
An Arrhenius plot of our data appears in Fig. 7. An un- 
weighted least squares analysis of ail data yields the expres- 
sion 

*,( D = ( 1.68 ± 0.31 ) X 10" n exp{(241 ±53)/D} 
cm 3 molecule" 1 s" \ (VI) 



FIG. 7. Arrhenius plot of our results for *,( T.P) The dashed line repre. 
sents an unweighted least squares analysis of the 25 Ton data only while the 
solid line includes all data. 
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where the errors represent la, precision only, and 
a A =4a ln A . For the 25 Torr data only, the expression 

k y (T) = (1.55 ± 0.33) XlCT ,, exp{(263 ±60)/7')} 

cm 3 molecule - 1 s“ 1 (VII ) 

is obtained from an unweighted least squares analysis. The 
difference between the Arrhenius expression obtained from 
the 25 Torr data and that obtained from the complete data 
set is primarily due to the slightly lower rate coefficients 
obtained at high pressure (200 Torr) and low temperature 
(252-255 K). These rate coefficients required rather large 
corrections for contributions from reaction (7) and, there- 
fore, are more likely to be in error than rate coefficients ob- 
tained at higher temperatures and/or lower pressures. For 
this reason, we believe the Arrhenius expression obtained 
from the 25 Torr data only should be preferred. The absolute 
accuracy of k, at any temperature within the range studied is 
estimated to be ± 20%. 

DISCUSSION 

In all prior investigations, reaction ( 1 ) was studied by 
flow tube techniques at pressures less than 10 Torr. The re- 
sults of all studies are summarized in Table IV. In the earliest 
study Bemand etal., ] measured *,(298 K) using resonance 
fluorescence to monitor 0( 3 F) in excess GO. The GO was 
produced by the reaction 

G-f OGO-2GO (11) 

assuming a stoichiometric factor of 2. These workers report- 
ed *,(298 K) = (5.3 ± 0.8) X 10” 11 cm 3 molecule” 1 s" 1 . 
They also measured the rate coefficient by following the de- 
cay of GO mass spectrometrically in excess oxygen atoms 
and obtained the result (5.7 ± 2.3) X 10" n cm 3 mole- 
cule” 1 s” 1 . In a subsequent study in the same laboratory 
Gyne and Nip 2 measured the temperature dependence of*,. 
Again, 0( 3 P) was monitored by resonance fluorescence in 


excess GO, the latter species being generated via reaction 
(2). The room temperature rate coefficient was in good 
agreement with their previous study. They report a signifi- 
cant activation energy and quote the Arrhenius expression 
*,(7~) = (1.07 ± 0.30) Xl0” ,o exp{- (224±76)/D 
cm 3 molecule" 1 s” 1 . 

Zahniser and Kaufman 3 measured the temperature de- 
pendence of the ratio *,/* 2 . Using a value of * 2 measured 
directly in the same system these workers report 
*,( D = (3.38 ± 0.50) X 10” 11 exp{(75 ± 40/7} 
cm 3 molecule" 1 s~ '. 

The next reported investigation of *, ( T) was performed 
by Leu 4 using resonance fluorescence detection of 0( 3 F) in 
excess GO. GO radicals were produced using three differ- 
ent source reactions in order to validate stoichiometric as- 
sumptions necessary to arrive at GO concentration levels. 
Reactions (2), (11), and 

ci + a 2 o-fGO + a 2 * • . ' * # 06) 

were the three sources used at room temperature. Reaction 
(2) was used at all other temperatures. Leu’s value for *, 
(298) is lower than the previously reported values and he 
measured a small positive activation energy with 
*,(7~) = (5.0 ± 1.0) X 10” 11 exp{ - (96 ± 20)/7} 
cm 3 molecule " 1 s ” 1 . The use of reaction ( 2 ) as the only GO 
source in all experiments at T ^ 298 K could result in a sys- 
tematic error in Leu’s reported temperature dependence. At 
the low pressures employed in Leu’s study, the GO* + G 
reaction may have competed favorably with GO* deactiva- 
tion, thus leading to overestimation of [ GO ] . Since the ratio 
of * u /*,5 may be temperature dependent, such an effect 
could have been more important at one end of the investigat- 
ed temperature range than at the other end. It should be 
emphasized that while the abovementioned systematic error 
in Leu’s [GO] determination is possible, there currently 
exists insufficient information concerning GO* chemistry 
to prove or disprove this conjecture. 


TABLE IV. Comparison of measurements of 


Investigators 

Reference 

Experimental 

method*- 6 

Temperture 
range (K) 

Pressure 
range (Torr) 

*,no-' 

1 cm 3 molecule” 1 s” ')* 

210 K 

250 K 

298 K 

Bemand. Clyne, 

1 

DF-RF(O) 

298 

~L0 

... 

... 

5.3 ±0.8 

and Watson 

1 

DF-MS(QO) 

298 

0.75 

... 

... 

5.7 ± 2.3 

Gyne and Nip 

2 

DF-RF(O) 

220-426 

0.90 

3.68 

4.37 

5.05 

Zahniser and 

3 

DF-RF(G)* 

220-298 

2.0-4.0 

4.83 

4.56 

4.35 

Kaufman 








Leu 

4 

DF-RF(O) 

236-422 

1.0-3. 5 

3.17 

3.41 

3.62 

Schwab, Toohey, 

5 

DF-LMR(GO) 

252-347 

O.fc-2.0 

3.50 

3.50 

3.50 

Brune, and Anderson 


DF-RF(O) 






Ongstad and Birks 

6 

DF-CL(O)* 

220-387 

2.3 

4.14 

3.85 

3.61 

Mar gi tan 

7 

DF-LFP-RF(O) 

241-298 

10 

4.20 

4.20 

4.20 

Nicovich, Wine, 

This 

LFP-RF(O) 

231-367 

25-500 

5.29 

4.41 

3.77 

and Ravishankara 

work 



25 

5.42 

4.44 

3.75 


*DF— < discharge flow, RE— resonance fluorescence; MS— mass spectrometry; LMR— laser magnetic resonance; CL— chemiluminescence, LFP— laser 
flash photolysis. 

*The monitored species is given in parentheses. 

‘Calculated from reported Arrhenius expressions. 

**(0 4- CIO) measured relative to k(C\ 4 0 3 ). 

* NO added to produce chemiluminescence via O 4 NO 4 M — NO? — Av 4 NQ 2 
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Schwab et a/. 5 employed an experimental apparatus in 
which both reactants [GO by laser magnetic resonance and 
0( 3 />) by resonance fluorescence] and one product (G 
atoms by resonance fluorescence) could be monitored. [In- 
terestingly, this is the only O + GO study where GO was 
directly measured in the reaction zone. ] Again, a somewhat 
lower value was measured [ Aj (298 K) = (3.5±0.5) 
X 10" n cm 3 molecule" 1 s" 1 ) and these workers observed 
essentially no temperature dependence for k v 

Ongstad and Birks 6 measured k t ( T) in a discharge flow 
system using the same three sources of GO as Leu. 4 0( 3 P) 
was followed via the chemiluminescence from NOJ genera- 
ted by reacting the oxygen atoms with NO added to the de- 
tection region of their flow tube. These workers measured 
k x ( T) directly and also relative to the reaction 

0 + N0 2 -N0 + 0 2 . (17) 

In a successive measurement scheme k n (T) was also mea- 
sured. The relative measurements yielded somewhat higher 
values, presumably due to nonpure source gases (G 2 0, 
G0 2 , 0 3 ) or other channels for the source reactions. Ong- 
stad and Birks measured a value for A, (298 K) that agrees 
with the other more recent studies and a small “negative 
activation energy.” They reported the expression 

*,( D « (2.61 ±0.60) Xl 0 - n exp{( 97 ± 64 )/n 

cm 3 molecule " 1 s"\ 

The only other study of k ] at or near room temperature 
reported in the literature was by Margitan. 7 GO radicals 
were generated in a flow tube via reaction (16). Down- 
stream from this source 0( 3 P) was created by laser photoly- 
sis of the GO and followed by resonance fluorescence. The 
GO concentration was measured directly in the flow by ab- 
sorption. However, large corrections (up to 20% ) had to be 
made for GO loss between the GO detection region and the 
O CP) detection region. Margitan used literature values for 
* 7 to make these corrections. Given the recent advances in 
our understanding of reaction (7), 17 a large uncertainty 
must be associated with the magnitude of Margitan’s correc- 
tion for GO loss via the self-reaction. His results are also 
very dependent on the value chosen for the GO absorption 
cross section. Margitan reports that E/R lies within the 
range ± 200 K and *,(298 K) = (4.2 ± 0.8) X 10" 11 
cm 3 molecule" 1 s" 1 . 

As seen by the comparison in Table IV, there is very 
little difference between the value of A, (298 K) from our 
experiments and from any of the other recent studies. How- 
ever, at the lower temperatures typical of the middle strato- 
sphere our results indicate significantly faster values for 
( T) than any of the other recent investigations (see Table 


IV). Hence, model calculations which employ our expres- 
sion for ( D would predict somewhat larger ozone deple- 
tion due to chlorofluorocarbon injection than calculations 
which take k, ( T) from previously available data. 

SUMMARY 

We have measured k, as a function of temperature and 
pressure. Our results indicate a lack of any pressure depen- 
dence at 298 K over the range 25 to 500 Torr. Although our 
298 K rate coefficient agrees well with previous studies, our 
observation of an activation energy that is more negative 
than any previously reported leads to a significant difference 
between our result and other recent measurements at tem- 
peratures relevant to stratospheric chemistry. 
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Kinetics of the Reactions of F( 2 P) and CI( 2 P) with HN0 3 
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The kinetics of the reactions of HN0 3 with fluorine (*,) and chlorine (kj atoms have been studied by using a time -resolved 
long-path laser absorption technique to monitor the appearance of product N0 3 radicals following 351-nm pulsed laser photolysis 
of Xj/HNOj/He mixtures (X * F, Cl). Absolute rate coefficients for the F( 2 P) + HNOj reaction have been determined 
over the temperature range 260-373 K. Between 260 and 320 K, the data are adequately represented by the Arrhenius 
expression k,(7") • (6.0 ± 2.6) x 1(T 12 exp [(400 ± \20)/T\ cm 3 molecule -1 s' 1 . Between 335 and 373 K, the rate coefficient 
is found to be (2.0 ± 0.3) x 10 -11 cm 3 molecule -1 s -1 independent of temperature. The observed temperature dependence 
suggests that reaction proceeds via competing direct abstraction and complex pathways. No N0 3 production was observed 
in the experiments with X * Cl, thus establishing that k 2 (298K) < 2 x lO -14 cm 3 molecule -1 » -1 . The C1(*P) 4- HN0 3 reaaioo 
was also investigated by using a pulsed User photolysis-resonance fluorescence technique to monitor the decay of Ci( 2 P). 
Upper limit values for k 2 obtained from these experiments, in units of 10" 14 cm 3 molecule -1 s -1 , are 13 at 298 K and 10 at 
400 K. 


Introduction 

The nitrate radical (N0 3 ) is a key reactive intermediate in the 
atmosphere. Motivated primarily by the need to quantitatively 
understand its role in atmospheric chemistry, numerous studies 
of N0 3 kinetics, photochemistry, and spectroscopy have been 
reported in the literature. A number of these studies employed 
the reaction 

F(*P) + HNOj — HF 4- NOj (1) 

as the nitrate radical source. 1 ' 12 Despite its widespread use as 
an N0 3 source in both fast flow 1-4 and flash photolysis 10 ' 12 studies, 
the first room temperature measurement of k x has only recently 
been reported, 4 and the temperature dependence of kj has not been 
investigated. In this paper we report a determination of the 
absolute rate coefficient for reaction 1 as a function of temperature 
over the range 260-373 K- We also report new results on the 
related reaction 

Cl(*P) + HN0 3 — HC1 4- NOj (2) 

There have been several previous studies of reaction 2, but reported 
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values for k 2 { 298K) span a range of more than 3 orders of 
magnitude. 13 " 11 
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Flfw* 1. Schematic of the pulsed laser photolysis -long-path laser ab- 
sorption apparatus: A, amplifier, AC, absorption cell; AIL, argon ion 
laser; BPF, band-pass filter CL, cylindrical lenses; D, diffuser; EL, 
excimer laser, F, flowmeter, L, lens; PA, piooammeter, PD, photodiode; 
PG, pressure gauge; PM, photomultiplier, RC, reaction cell; RDL, ring 
dye laser; TD, transient digitizer; WCM, White cell mirror; ZnL, zinc 
hollow cathode lamp; 1/4 M, '/ 4 -m monochromator; 3/4 M, Vr® 
monochromator, X, needle valve; •, shut-off valve. 

Experimental Section 

The kinetics of reactions 1 and 2 were investigated by moni- 
toring the temporal profile of the product N0 3 following 351-nm 
pulsed laser photolysis of X 2 (X ■ F, Cl). The pulsed laser 
photolysis-long-path laser absorption (PLP-LPLA) apparatus 
employed for these measurements was a modified version of one 
which we used previously to study N0 3 production from the 
reaction of hydroxyl radicals with nitric add; 19 the modified 
apparatus is described below. Reaction 2 was also investigated 
by monitoring the decay of G(*P) by using time- resolved resonance 
fluorescence detection. The pulsed laser photolysis-resonance 
fluorescence apparatus was virtually identical with one we have 
employed previously to study the kinetics of several chlorine atom 
reactions; 20 " 22 details of its operation can be found elsewhere. 20 " 22 

A drawing of the reaction cell used in the PLP-LPLA ex- 
periments is shown in Figure 1. The main body of the cell was 
black anodized aluminum; its outside dimensions were 18 cm x 
10 cm x 8 cm and its internal volume was 560 cm 3 . To minimize 
heterogeneous reactions, all internal surfaces were cwercoated with 
halocarbon wax. The main body could be heated or cooled by 
flowing a suitable fluid through a series of channels in its top and 
bottom. PVDF [poly(vinyiidene fluoride)] extensions were fitted 
to either end of the cell’s main body. Gases were flowed in and 
out through these extensions. The total length of the ceil, including 
extensions, was 33 cm, and the total internal volume was 920 cm 3 . 

A schematic of the PLP-LPLA apparatus is shown in Figure 
1. The excimer laser photolysis beam was expanded by using two 
cylindrical lenses to be 1 3 cm wide and cm high as h tra versed 
the reactor. A CW ring dye laser beam, tuned to the peak of the 
strong N0 3 absorption band at 662 nm, was muhi passed through 
the reactor at right angles to the photolysis beam by using modified 
White cell optics; 23 140 passes were typically employed, giving 
an absorption path length of 1820 cm. The dye laser line width 
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(0.2 A) was narrow compared to the width of the totally diffuse 24 
absorption band. Reflective losses were minimized in the multipass 
system by using dielectric coated White cell mirrors and antire- 
flection (AR) coated reaction cell windows. The output beam 
from the multipass system was reflected through two apertures, 
a narrow band-pass filter, and a diffuser onto the photocathode 
of a red-sensitive photomultiplier. The time-dependent photo- 
multiplier output was amplified and then monitored by a transient 
digitizer-signal averager with 8-bit voltage resolution. The results 
of 16-256 photolysis laser shots were averaged to obtain data with 
suitable signal -to- noise ratio for quantitative kinetic analysis. 
Digitized voltage versus time data were transferred to a small 
computer for storage and analysis. The time resolution of the 
detection system was limited by the transit time of the multipass 
beam and was ~0.25 ms. To minimize noise in the long-path 
absorption monitoring system, all components were mounted on 
a vibrationally isolated optical table. 

In order to avoid accumulation of reaction or photolysis 
products, all experiments were carried out under “slow flow" 
conditions. The linear flow rate through the reaction cell was 
typically 2 cm s"\ and the excimer laser repetition rate' was 0.15 
Hz. Hence, the gas mixture in the photolysis zone was replenished 
every 1-2 laser shots. The fraction of nitric acid in the reaction 
mixture was determined directly in the slow flow system by UV 
photometry at either 202.6 nm (Zn* line) or 213.9 nm (Zn line). 
Absorption cross sections used to convert measured absorbances 
to HN0 3 concentrations were 4.16 x lO" 11 cm 2 at 202.6 nm and 
4.70 X 1(T 19 cm 2 at 213.9 nm; these cross sections were measured 
during the course of the investigation and are in good agreement 
with literature values. 25 " 21 The reaction mixture flowed through 
the 150-cm absorption cell after exiting the reactor. 

Because nitric add vapor can damage the anti re flection coating 
on the reactor windows, a four-port gas input/output system was 
employed (Figure 1). X 2 and 85-90% of the He bufTer gas entered 
the reactor through an outer port while a dilute HN0 3 /He mixture 
entered through the corresponding inner port. The remaining 
10-15% of the He buffer gas entered the reactor through the 
opposite outer port, and the gas mixture exited the reactor through 
the corresponding inner port. UV absorption measurements (X 
* 185.0 nm, e * 1.63 x 10“ 17 cm 224 ) along the path traversed 
by the excimer laser beam, i.e., across the direction of flow, 
demonstrated that (1) the nitric add concentration was uniform 
across the reaction zone and (2) the HN0 3 dilution factor between 
the reaction zone and the 150-cm absorption cell (typically a factor 
of 1.1) agreed with the dilution factor obtained from mass-flow 
measurements. 

Measurement of the temperature in the reaction zone was 
achieved by replacing one of the AR coated probe beam entrance 
windows with a Plexiglass plate Fitted with a cajon Fitting through 
which a jacketed copper-constantan thermocouple could be in- 
serted. Hence, the temperature could be measured under the 
precise pressure and flow conditions of the experiment Prelim- 
inary tests at both low and high temperatures showed that the 
measured temperature was constant within ±0.5 % C throughout 
the volume of intersection of the probe beam with the photolysis 
beam. 

The gases used in this study had the following stated minimum 
purities: He, 99.999%; Cl 2 , 99.9%; F* 98.0%. Helium and a 5% 
F 2 in He mixture were used without purification. G 2 was degassed 
repeatedly at 77 K; dilute Gj/He mixtures were then prepared 
manocnctrically in 12-L bulbs for use in experiments. Anhydrous 
HN0 3 was admitted to the reactor by diverting a small fra a ion 
of the main buffer gas flow through a needle valve, then through 
a bubbler containing a mixture of 1 part reagent grade HN0 3 
(70% in H 2 0) and 2 pans reagent grade HjSO*, and then to the 
reactor. A temperature-controlled bath maintained the bubbler 
temperature at 250 K during storage and at -280 K during 


(24) Minnelli, W. J.; Swtnion, D M.; Johnston, H S. J Ckem. Pkys. 
1982, 76. 1984. 

(25) Molina, L. T.; Molina, M J. J Pkotockem 1911. 15. 97. 

(26) Biaume. F. J. Pkotockem 1973, 2. 139 

(27) Johnston. H. S.; Graham. R. J Pkys Ckem 1973. 77. 62. 


262 


Kinetics of Reactions of F^) and C1( 2 P) with HNQ 3 


The Journal of Physical Chemistry, Vol. 92, JJo. 8. 1988 2225 


TABLE l 

Kinetic Data for the F ♦ HNOj Reaction 





T, K 

no of 
expt* 

Fj x 10'* 

oon cn, moiecules/cm 3 
NO,(m*x) x 10'" 

HNO) x 10 15 

range of k\ 10 4 s* 1 

10"*,/ cm* 
molecule' 1 »*' 

260 

5 

1.5-6. 3 

1. 5-7.2 

0.75-5.03 

1.93-14.3 

2 86 ± 0 17 

273 

6 

3.2-3. 8 

2.0-2. 6 

0 98-13.1 

2.43-32.0 

2.45 ± 0 06 

275 

5 

2.9 

4. 0-5.0 

0.83-6 79 

2.20-17.0 

2.62 ± 0.34 

296 

4 

2.8 

2. 7-3.0 

1.12-6.60 

2.64-15.3 

2 30 ± 0.19 

298 

6 

1.0-3. 4 

0.8-4. 5 

0 44-4.28 

1.48-10.7 

2.36 ± 0 10 

320 

4 

2.6-2. 8 

2.3-3. 2 

1.21-10.4 

2.97-22.3 

2.08 ± 0.06 

335 

8 

1. 7-3.5 

1.2-31 

0.75-5.13 

2.15-10.8 

1.94 ± 0.22 

350 

7 

2.5-2.7 

1. 8-2.3 

0.69-11.6 

1.60-24.1 

2.00 ± 0.08 

373 

4 

2. 8-4.0 

1. 7-2.5 

0.65-5.45 

1.34-11.1 

2.01 ± 0.07 

• Experiment ■ determination of one pseudo- first -order NOj appearance rate. 

* Calculated based on an assumed ibsorption cro*i section of 1.8 x 


10"’ 7 cm 2 , independent of temperature. 'Errors are 2 a and refer to precision only. 


experiments. The use of anhydrous HNOj eliminates the potential 
side reactions 

F(*P) + H 2 0 — HF + OH (3) 

OH + HN0 3 — H 2 0 + NOj (4) 

Results and Discussion 

The F + HNQ Reaction. Reaction mixtures employed to study 
reaction 1 contained 0.3-1 .7 Tor: of F* 0.009-0.37 Tor: of HN0 3 , 
and 150 Torr of helium. Hie relevant reaction scheme'Ts 

F 2 + hw (351 nm) — 2?C?) (5) 

F( 2 P) ♦ HN0 3 — HF(i;S3) + N0 3 # + other products(?) 

( 1 ) 

N0 3 * + He ^ N0 3 ♦ He (6) 

NOj lots by diffusion or flow from tha (7) 

— dataetor fiaid of viaw and by raaetion 

F(*P) —I with background impurities (6) 

In the above reaction scheme N0 3 * represents vibrationally excited 
N0 3 ; our detection method is not sensitive to N0 3 *. In a recent 
study 21 we showed that N0 3 # produced from 248-nm photolysis 
of N 2 0 5 is deactivated by helium with an effective rate coefficient 
of 2.7 X 10" 13 cm 3 molecule* 1 s* 1 . Hence, under our experimental 
conditions, reaction 6 proceeds with a pseudo- first -order rate 
coefficient (lc 6 ' * JcJHe]) of 1.3 x 10* s' 1 . Measured pseudo 
first-order N0 3 appearance rate coefficients (A: % ) ranged from 4 
to 100 limes slower than kf. We conclude that cascade from 
undetected excited vibrational levels into the ground vibrational 
level did not interfere with our determination of k x . Another 
potential interference is the fast secondary reaction 

F(*P) + N0 3 — FO 4- N0 2 (9) 

To avoid this potential complication, all experiments were carried 
out under conditions where [HNO 3 ]/[F] 0 was greater than 150. 
Variation of the F 2 concentration by a factor of 4 at constant laser 
fluence did not affect the observed kinetics nor did variation of 
the laser fluence by a factor of 3 at constant [FJ. 

Under our experimental conditions, the N0 3 appearance rate 
was always more than 2500 times faster than the background NC^ 
decay rate (* 7 ~ 5 s* 1 ). Hence, the appearance of N0 3 oculd 
be analyzed as a tingle exponential rise: 

[NO^/tNO,].* - 1 - expHW (I) * 

where 

Jk.-MHNO,]**, (ID 

and [NOj]^ ■ the N0 3 concentration after all fluorine atoms 
had reacted away, but before any significant decay of N0 3 had 
occurred. Assuming N0 3 absorption obeys Beer’s law, the above 


(21) Ravishankara, A. R.; Wine, P H.; Smith, C. A.; Barbooe, P. E.; 
Tonbi, A. J. Ctophys. Res. 1984 , 91, 5355. 



TIME ( M %) 

Figure 2 Typical NOj appearance temporal profile observed following 
351 -qie pulsed Laser photolysis of F^HNOj/He mixtures Experimental 
conditions: T » 350 K, P - 150 Ton, [HNOjJ - 5.95 x 10 15 mole- 
cule^ cm 3 , (FJ ■ 2.7 x 10“ molecule/cm 3 , laser photon fluence - 3.0 
mJ/an 2 , 64 laser shots averaged The solid line is obtained from a linear 
least-squares analysis and gives the pseudo- first -order NOj appearance 
rate i* ■ (1.26 ± 0.06) X JO 3 s’ 1 (error is 2c, precision only). 

equations predict that a plot of In [In (/<)//&) ~ In (/ 0 //)l versus 
t should be linear with slope « -* t , and that a plot of k % versus 
[HN0 3 ] should be linear with slope ■ (7 0 « the probe beam 

intensity before the photolysis laser fired and ■ the probe beam 
intensity in the presence of [NOj]^). Typical experimental 
results arc shown in Figures 2 and 3. The predicted linear 
dependence* were observed in ail cases. These observations, along 
with the above-mentioned invariance of the observed kinetics to 
variations in [FJ and laser photon fluence, strongly suggest that 
the NOj temporal profile was governed entirely by reactions 1 
and 5-7. Reaction of F( 2 P) with N0 2 impurity in the nitric arid 
sample could not have been important unless impurity levels 
reached several percent; UV photometry at 366 nm confirmed 
that N0 2 levels in the nitric arid samples were always less than 

0. 5%. 

Our experimental data for reaction 1 are summarized in Table 

1. Errors quoted for individual k x determinations are 2a and refer 
only to the precision of the k* versus [HNOJ data. The absolute 
accuracy of the results is limited by precision, uncertainties in the 
determination of the nitric arid concentration, and other un- 
identified systematic emirs which we believe to be negligible. We 
estimate that the absolute accuracy of a typical k j determination 
is ±15%. 

Our experimental results are plotted in Arrhenius form in Figure 
4 . The In versus 1/7 plot is nonlinear. Ovct the temperature 
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Figart 3. Typical plots of k % vrnui [HNOj] observed in the F(*P) 4* 
HNOj study Solid lines are obtained from linear least -squires analyses 
and give the bimolecular rate coefficients listed in Table I. 



KOort <K> 

Figure 4. Arrhenius plot for the reaction F( 2 P) ♦ HNOj — products 

range 260-320 K, the data are well represented by the expression 
(units are cm 3 molecule" 1 s" 1 ) 

k { (D • (6.0 ± 2.6) x IQ" 12 cxp[(400 ± 120)/71 260 K < 

T 5 320 K (III) 

Uncertainties in the above expression are 2a and represent only 
the precision of the In k j versus 1/7* fit. Over the temperature 
range 335-373 K, our data support the temperature- independent 
rate coefficient (in units of cm 3 molecule" 1 »“*) 

*,(7} » (2.0 ± 0.3) X 10" 11 , 335 K 5 T S 373 K (IV) 

The quoted error in expression IV represents our estimate of the 
2 a absolute uncertainty in k t (T). 

The only published value of k ] with which to oompare our 
results is the very recent 298 K measurement of Melkniki et al * 
These authors employed the discharge flow-EPR technique with 
HNOj in about 10-foid excess over F atoms and obtained the resuh 
*,(298K) ■ (2.7 ± 0.5) x l(T n cm 3 molecule" 1 a" 1 , in excellent 
agreement with our 298 K value of (2.3 ± 0.3) X 10" n cm 3 
molecule" 1 a” 1 . The non- Arrhenius temperature dependence we 
have observed is aimilar to the t em p e r a ture dependence r ep o rted 
by a number of investigators 2 *" 32 for the related (although much 
slower) reaction 

OH + HNOj — H 2 0 + NOj (4) 

A plausible explanation for the observed temperature dependence 
is that the overall reaction proceeds via two distinct pathways: 


(29) Kurylo, M. J.; Cornett, 1C D.; Murphy, J. L. J. Geophys Res 1982. 
87, 3081. 

(30) Mtrgitan, J. J.; Wataon, R. T. J. Phys. Chem 1982, 86, 3819. 

(31) Devolder. P.; Carlier, M.; Pauweii, J. F.; Socket, L. R. Chem Phys 
Len 1984 !*!. 94 

(3: ' . P S.: Howard, C. J. Jru. J Chem Kinet 1985. 17, 17. 
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FVgwe 5. Typical 662-nm absorbance temporal profile observed following 
pulsed laser photolysis of Cl 2 /HN0 3 /He mixtures Experimental con- 
ditions: T ■ 298 K>- 80 Ton, [HNOj] • 5.3 x 10 1 * molecules/cm 3 , 
[Clj] » 9.1 x 10 15 molecules/cm 3 , laser photon fluence * 1.2 mJ /cm 2 . 
256 laser thou averaged. Solid lines are obtained from computer simu- 
lations as described in the text. Each simulation employed a different 
value for k 2 , values for k 2 in units of 10" 14 cm 3 molecule' 1 s' 1 are given 
in the figure. 

a direct abstraction route with the zero or positive activation energy 
and a route involving formation of an intermediate complex 
followed by rearrangement and dissociation to products. The 
complex route would be expected to show a negative activation 
energy. 

In addition to channel la. two other sets of products are 
energetically accessible via a complex reaction pathway: 

F( 2 P) + HNOj — NOj 4- HF AH - -35 keal/mol (la) 

— FNO : 4 OH AH * -4 keal/mol (lb) 

FNO + H0 2 AH * +1 keal/mol (lc) 

Comparison of [F] 0 (calculated from measurements of [FJ and 
laser fluence, and the known F 2 absorption cross section at the 
photolysis wavelength 33 ) with [NOj]^ (calculated from the 
estimated path length and an assumed absorption cross section 
of 1.8 X 1 CT 17 cm 2 at 662 am) indicates that reaction la is the 
major channel over the entire temperature range of our study. 
However, uncertainties in the magnitude of the N0 3 cross section 7 
and the temperature dependences of both the NOj 1711 and F 2 cross 
sections prevent quantitative determination of the NOj yield. 

The occurrence of reaction lb as a minor channel represents 
a potential kinetic complication in our study because reaction 4 
would result in conversion of OH to NOj. However, since k 
(29 8 K) is about 200 times slower than k,( 298K), U the occurrence 
of reactions lb and 4 would lead to readily observable nonexpo- 
nential NOj appearance temporal profiles; such nonexponential 
temporal profiles were not observed. As a further check for the 
possible occurrence of reaction lb, a few experiment* were carried 
out where sufficient CO was added to the reaction mixture to 
scavenge more than 90% of any OH produced. In back-to-back 
experiments with and without added CO, no change in [NOj].*, 
was observed. On the basis of the above observations, we are able 
to conclude that, at 298 K, k lh /k ] < 0.02. 

The Cl 4* HSO 3 Reaction. Reaction 2 was studied by two 
different experimental methods. The first was identical with the 


(33) Sieunenberg, R. K.; Vogel R. C. J. Am. Chem. Soc 1956, 78, 901. 

(34) Deleted in proof. 

(35) DeMore, W. B.; Margitan, J. J.; Molina, M J.; Wtuon, R. T.; 
Golden, D. M.; Hun peon, R. F.; Kurylo, M. J.; Howard, C. J.; Rivishankara, 
A R Chemical Kinetics and Photochemical Data for Use in Stratospheric 
Modelini, JPL Publication 85-37; Jet Propulsion Labomorv Pasadena, CA, 
1985 


Kinetics of Reactions of F( 2 P) and C1( 2 P) with HNO } 

approach used to study reaction 1 but with Cl 2 replacing F 2 as 
the photolyte (PLP-LPLA technique). In the other experimental 
approach, the decay of Cl( 2 P) was monitored by time-resolved 
resonance fluorescence following 355-nm pulsed laser photolysis 
of Cl 2 /HN0 3 /He mixtures (PLP-RF technique). 

The PLP-LPLA study of reaction 2 employed reaction mixtures 
containing 0.6-2.5 Ton of HN0 3 , 0.2-1. 5 Ton of Cl 2 , and 80 
Ton of helium. No evidence for N0 3 production was observed. 
Typical data are shown in Figure 5. Also shown in Figure 5 are 
the results of a series of numerical simulations of the N0 3 ab- 
sorbance temporal profile. The following mechanism was assumed 
for the simulations: 


NO 3 


Values for * n , * 12 , and k n were taken from the literature. 35 ” 11 
In units of cm 3 molecule”' s"\ the rate coefficients used in the 
simulations were k u ■ 5.5 X 10" 11 , k n • 2.0 X 10" 12 , and Jk 13 
* 6.2 X 10” 13 . The Clf 2 ?) concentration was calculated from the 
measured laser photon fluence and Cl 2 concentration by assuming 
a quantum yield of 2 for C1( 2 P) production; for the data shown 
in Figure 5, [C1( 2 P)] 0 ■ 7.1 X 10 12 molecules/cm 3 . The back- 
ground CU 2 ?) loss rate was set at 100 s" 1 , an upper limit value 
based on PLP-RF measurements of Clf^P) decay rates and the 
geometry of the PLP-LPLA reactor — a geometry that minimizes 
the rate of diffusion and/or flow out of the detector field of view. 
The N0 3 decay rate was determined by photolyzing the reaction 
mixture at 248 nm, a wavelength where HN0 3 rather than Cl 2 
is the dominant absorber: 

(15) 
(4) 
(7') 


HN0 3 + hr (248 nm) — OH 4- N0 2 
OH + HN0 3 — N0 3 + H 2 0 
N0 3 — loss 


For the reaction mixture used to obtain the da ta shown in Figure 
5, we obtained the result k r * 8.0 ± 0.7 s” 1 . The value for k r 
was used in conjunction with the literature value for It 13 to establish 
an upper limit N0 2 concentration (for the reaction mixture used 
to obtain the data shown in Figure 5, [NOJ < 1.8 x 10 13 mol- 
ecules/cm 3 ). Since the upper limit N0 2 concentrations were used 
in the simulations, was set equal to zero. The results of the 
simulations art very insensitive to k n and k 1 as long as k I3 [NOJ 
+ k, < 25 I" 1 . 

The results shown in Figure 5 support the conclusion that 
* 2 (298K) < 2 X 10" u cm 3 molecule" 1 r l . Experiments over a 
range of values of [HNOJ, [Cl J, and laser fluence all showed 
no evidence for N0 3 production from reaction 2, and simulations 
led to upper limit values for k 2 similar to that obtained from Figure 
5. We feel that the reported upper limit is conservative because 
(1) values for *, 4 and [NOJ used in the simulations are upper 
limits and (2) even the simulation with k 2 equal to 1 x 10" u cm 3 
molecule" 1 s" 1 predicts more absorbance than was actually observed 
(Figure 5). 

The PLP-RF experiments employed reaction mixtures con- 
taining 0.1-1 mTorT of Cl 2 , 0-0.41 Torr of HN0 3 , and 25 Torr 
of helium. The relatively low total pressure served to minimize 


(36) Cox, R. A; Fowlei, M., Moulton, D.; Wsync, R. P. J. Phys. Chem. 
1W7, 91 , 3361. 

(37) Leu. M.-T. Im J Chem Kinei. 1*4, 16. 1311. 

(38) Kircher, C. C.; Mtrgiun, J. J.; SandeT, S. P. J. Phys Chem 1*W. 
88. 4370. 
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Figvrt 6. Typical C1(*P) temporal profiles observed following 355-nm 
pulsed laser photolysis of Cl 2 /HN0 3 /He mixtures. Experimental con- 
ditions: T ■ 298 K, P ■ 25 Torr, fHN0 3 ] in units of 10 15 molecules/cm 3 
* (a) 0, (b) 12.5; [C1J * 1.0 x 10 13 molecules /cm 3 in both experiments; 
[Cl ] 0 ■ 8 X 10 10 molecules/cm 3 in both experiments; number of laser 
shots averaged ■ (a) 16, (b) 1536. Solid lines are obtained from least- 
squares analyses and give the following pseudo-first-order decay rates: 
(a) 82 ± 2 s' 1 and (b) 91 ± 3 s" 1 ; errors are 2<r and represent precision 
only. 



[HNO 3 I (W molecules par 


cm 3 ) 


Flgert 7. Plot of the pseudo- first -order CH^P) decay rate versus nitric 
add concentration. O. [Cl ) 0 * 4 X 10 l ° molecules/cm 3 ; •: [Cl ) 0 ■ 8 
X 10 10 molecules /cm*. The solid line is obtained from a linear least- 
squares analysis and gives the bimolecular rate coefficient (8.3 ± 4.5) 
X KT“ cm 3 molecule * 1 s* 1 , where the uncertainty is 2a and represents 
precision only. 

the interference from reaction 12. Initial chlorine atom con- 
centrations were always less than 1 X 10 n per cm 3 , so radical- 
radical side reactions were relatively unimportant. Some typical 
CK 2 ?) temporal profiles observed in 298 K experiments are shown 
in Figure 6. A plot of the pseudo-first-order C1( 2 P) decay rate 
as a function of the HN0 3 concentration is shown in Figure 7. 
A linear least-squares analysis of the data in Figure 7 gives the 
bimolecular rate coefficient k ± 2o - (8.3 ± 4.5) x ]0" 14 cm 3 
molecule" 1 s" 1 . This rate coefficient can only be considered an 
upper limit for k 2 since, for example, an NO : impurity level of 
0.1% in the nitric acid sample would account for the entire ob- 
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TABLED: Comparison of Ow Kiartk Data for the 0 4 HNOj 
Reacboa witl Tboae Reports b) Other hntadgiton 


investiga- 

tors 

expt! tech * 

monitored 

•pedes 

*,(29*K>» 

*,(400K)* rtf 

Leu and 

DF-MS 

HNO/ 

68 A 34 

13 

DeMore 

Poulet et al 

DF-MS 

HNOj* 

<0.y 

2.6* 14 

CUrk et al. 

FP-RA 

Cl 

M0 A 160 

15 

Kurylo et 

FP-RF 

Cl 


16 

al. 

Zsgogianni 

DF-EPR 

Cl 

<5 

17 

et al. 

Cantrell et 

CK 

HNOj, CR 

<33 

18 

al. 

this work 

FTIR 

PLP-LPLA 

PLP-RF 

GNOj 

NOj 

Cl 

^ & 
V V V 

<10 


•DF, di*ch*rge flow; MS, mau spectrometry; FP, flash photolysis; 
RA, resonance absorption; RF, resonance fluorescence, EPR, electron 
paramagnetic resonance; CK, competitive kinetics; FTIR, Fourier 
transform infrared spectroscopy; PLP, pulacd laser photolysis; LPLA, 
long-path laser absorption. * Units are 10" 14 cm* molecule' 1 a* 1 . 
f Monitored HN0 3 with Cl it ex ecu, [Cl] obtained via titration with 
NOCl. 'Estimated by authors based on extrapolation of data obtained 
over the temperature range 439-633 K * Calculated from Arrhenius 
expression obtained from dau at 439 K < T < 633 K SBased on 
measured upper limit for the NOj + HC1 rate coefficient and thermo- 
dynamic data 'Least -squares slope of k' versus [HNOj] plot plus la. 

served increase in k ' with added nitric acid. 

In addition to the 298 K experiments discussed above, we also 
investigated reaction 2 at T * 400 K using the PLP-RF technique. 
At 400 K, background Cl(*) decay* were found to be nonex- 
ponential. Over the first half-life the measured decay rate was 
- — 1 50 s" 1 , while at longer time after the laser pulse the decay rate 
dropped to — -115 s' 1 . The reason for the observed nonexponential 
behavior is not clear. However, experiments with 3, 5, 7, and 9 
X 10 15 HN0 3 /cm 3 added to the reaction mixture demonstrated 
that neither the fast component nor the alow component of the 
CI(*) decay was affected by addition of HNOj to the reaction 
mixture. On the basis of uncertainties in the individual decay 
rates, we conservatively estimate that k 2 must be slower than 1 
x ICT 15 cm 3 molecule' 1 s" 1 at 400 K. 

In Table II our rate data for reaction 2 are compared with 
results reported by other investigators. The earliest measurement 
of k 2 was reported by Leu and DeMore. 13 These authors employed 
the discharge flow-mass s pec tr ome tr y (DF-MS) technique at total 
pressures of 1 .2 Ton to monitor the decay of HNOj in excess Cl 
atoms Cl atom concentrations were always leas than 10 15 /cm 3 , 
ao the decay of HNOj oould only be followed down to [HNOj] 
~ 0.8[HNOj]o; hence, the results are subject to rather large 
uncertainties. Poulet et al. also studied reaction 2 using the 
DF-MS technique with G in excess over HNO> their e xp e ri ments 
employed total press urea of 0.24-1.75 Ton and were done at the 
elevated temperatures of 439-633 1C Poulet et al. obtained the 
Arrhenius expression k 2 m 1.5 X l(T n exp(- 4400/7). Extrapo- 
lation of Poulet et al.’s Anhenius expression to 298 K gives the 
extremely low rate coefficient 7 X ICT 11 cm 3 molecule' 1 s' 1 . 
However, Poulet et al., upon consideration of potential e rror s in 


Wine et al. 

the long extrapolation, suggested 2 X 10" p cm 3 molecule' 1 1 * 1 as 
an upper limit for k 2 (298K). Recently, Poulet and co-workers 
employed a discharge flow system with EPR detection of Cl(*) 
to study reaction 2 at 293 K and obtained an upper limit value 
of 5 x 10" 14 cm 3 molecule" 1 s' 1 for k 2 (293K). 

Clark et al. 15 and Kurylo et al. 14 employed flash photolysis 
methods to study the kinetics of reaction 2. These authors 
monitored the decay of Cl(*) by resonance absorption 13 or 
resonance fluorescence 14 in the presence of excess HNOj. The 
flash photolysis experiments were carried out at total pressures 
1-2 orders of magnitude larger than the discharge flow experi- 
ments. Both Clark et al. and Kurylo et al. obtained very large 
values for * 2 (298K>— 3.6 x ID" 14 and 1.7 X 10" 14 cm 3 molecule' 1 
a" 1 , respectively. Neither of these investigators employed HNOj 
concentrations above 3 X 10 15 molecules/cm 3 due to attenuation 
of the chlorine resonance lines by HNOj. [While we also observed 
reduction in resonance radiation intensity with added HNOj, we 
were able to obtain good quality data even at HNOj concentrations 
above 1 X 10 14 molecules/an 3 (Figure 6).] Potential experimental 
problems that are specific to flash photolysis experiments indude 
reaction of Cl(*) with impurities in the HNOj sample (partic- 
ularly NO J and reaction of Cl(*) with flash generated radicals. 
Although both Clark et al. and Kurylo et al.rjecogpixed these 
potential problems and took measures to minimize them, it appears 
possible that NOj, generated via nitric acid photolysis followed 
by reaction 4, was responsible for a significant fraction of CK 2 ?) 
removal in both earlier flash photolysis studies. 15 - 14 

The most recent study of the kinetics of reaction 2 has been 
reported by Cantrell et al 11 These authors measured the rate of 
reaction 2 relative to that for the reaction. 

CK*) + CH 4 CHj + HC1 (16) 

They obtained the result kjk lt < 0.033. Since k lf) ~ 1 x 10" 13 
an 3 molecule" 1 s' 1 , 13 their result implies that k 2 < 3.3 X ]0" 15 cm 3 
molecule' 1 s' 1 . Cantrell et al. also investigated the kinetics of the 
reverse reaction 

NOj + HC 1 - CK*) HNOj (-2) 

They observed that HC) reactions with NOj and/or N 2 0 3 led to 
production of C1N0 2 , but they attributed C1N0 2 production 
primarily to heterogeneous pathways. They were able to place 
an upper limit of 7 X 10" 11 cm 3 molecule" 1 s" 1 on the homogeneous 
gas-phase value for JL 2 (298K). On the basis of thermodynamic 
considerations, this result suggests 11 that k 2 (298K) is slower than 
1.6 X 10" 14 cm 3 molecule' 1 s" 1 . Our observation of minimal NOj 
production following 351-nm pulsed laser photolysis of Cl 2 / 
HNOj/He mixtures is in agreement with the low upper limits for 
* 2 (298K) reported by Cantrell et al. 11 and Poulet and 00 - work- 
ers 14,1 7 but in conflict with the faster rate coefficients reported 
by Leu and DeMore, 13 Kurylo et al., 15 and Clark et al. 14 
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Temperature-Dependent Absorption Cross Sections 
for Hydrogen Peroxide Vapor 

J. M. Nicovich and P. H. Wine 

Molecular Sciences Branch , Georgia Tech Research Institute, Georgia Institute of Technology, Atlanta 

Relative absorption cross sections for hydrogen peroxide vapor were measured over the temperature 
ranges 285-381 K for 230 295 nm and 300-381 K for 193 nm £ X £ 350 nm. The well- 

established 298 K cross sections at 2016 and 228.8 nm were used as an absolute calibration. A significant 
temperature dependence was observed at the important tropospheric photolysis wavelengths, X > 300 
nm. Measured cross sections were extrapolated to lower temperatures, using a simple model which 
attributes the observed temperature dependence to enhanced absorption by molecules possessing one 
quantum of 0-0 stretch vibrational excitation. Upper tropospheric photodissociation rates calculated 
using the extrapolated cross sections are about 25% lower than those calculated using currently recom- 
mended 298 K cross sections. * ' * . 4 


Introduction 

Hydrogen peroxide (H 2 0 2 ) is an important trace constit- 
uent of the atmosphere. H 2 0 2 is formed primarily via the 
H0 2 self reactions, 

(Rio) H0 2 + H0 2 — H 2 0 2 + 0 2 

M 

(Rib) H0 2 + H0 2 - H 2 0 2 + 0 2 

and is removed from the atmosphere by three processes which 
occur at similar rates: 

(R2) H 2 0 2 + hv— * 2 OH 

(R3) OH 4- H 2 0 2 ^ HO, + H 2 0 

(R4) H 2 0 2 — ► rainout 

Reaction (R2) regenerates the HO x radicals which were lost in 
(Rl); hence when removed by photolysis, H 2 0 2 has acted as 
an HO, reservoir. On the other hand, (Rl), followed by (R3) 
and (R4), represents a sink for gas phase HO r Both the over- 
all H 2 0 2 lifetime and the branching ratios for loss via (R2), 
(R3), and (R41 must be known quantitatively in order to accu- 
rately model atmospheric HO x chemistry. 

Most calculations of the atmospheric H 2 0 2 photolysis rate, 
y Hj0j , employ absorption cross sections recommended by the 
NASA panel for chemical kinetics and photochemical data 
evaluation IDeMore ex aU 1985]. The recommended cross sec- 
tions are the average of those reported by Lin et al . [1978] 
and by Molina and Molina [1981]. Both studies were carried 
out at 298 K, with cross sections reported in 5- run increments 
over the range 190-350 nm; they agree very well, except at 
wavelengths longer than 325 nm, where Molina and Molina 
report somewhat lower cross sections than Lin et al. In the 
troposphere and lower stratosphere most H 2 0 2 photolysis 
occurs at wavelengths longer than 310 nm. Hence the differ- 
ences between the two previous studies do result in small but 
significant differences in calculated values for j Hi Dj . 

Since photolysis of H 2 0 2 in the troposphere occurs exclu- 
sively in the long-wavelength tail of the absorption spectrum. 

Copyright 1988 by the American Geophysical Union. 
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there is a strong possibility that “hot bands,” i.e., absorptions 
originating from excited vibrational levels of the ground elec- 
tronic state, are responsible for much of the atmospheric pho- 
tolysis. If atmospheric photodissociation of H 2 0 2 does involve 
hot bands, then y Hj0j will be temperature dependent. 

With the above considerations in mind, we have measured 
absorption cross sections for H 2 0 2 over the wavelength range 
193-350 nm as a function of temperature. Our results are 
reported in this paper. Extrapolation of our results to upper 
tropospheric temperatures leads to significantly lower values 
for y Hj0j at 5 and 10 km than would be calculated from cur- 
rently recommended cross sections. 

Experimental Technique 

Cross-section measurements were carried out using the 
well-established 298 K ctoss sections at 202.6 and 228 8 nm 
for absolute calibration [Lin et al~, 1978; Molina and Molina, 
1981]. A schematic of the experimental apparatus is shown in 
Figure 1. The measurements were performed in a slow- flow 
system consisting of three absorption cells in tandem. The 
temperature in the middle cell was varied by circulating ther- 
mostated liquid through an outer jacket. A broadband UV 
light source (deuterium lamp) was used and the wavelength 
was resolved with a 0.22-m monochromator. The temperature- 
controlled cell was 244 cm in length. All experiments em- 
ployed a spectral band pass of 0.6 nm full width at half maxi- 
mum. The first and last absorption cells were maintained at 
room temperature, 298 ± 1 K.. A cadmium pen-ray lamp was 
used as the light source for the first cell, and a narrow band- 
pass filter was employed to isolate the 228.8-nm Cd resonance 
line. A zinc hollow cathode lamp was used as a light source 
for the last absorption cell, and a 0.25-m monochromator was 
employed to isolate the 202.6-nm Zn* line. The first and last 
absorption cells were 216 and 111 cm in length, respectively. 
The assumed 298 K cross sections were 4.32 x 10" 19 cm 2 at 
202.6 nm and 1.86 x 10" 19 cm 2 at 228.8 nm. 

H 2 0 2 was added to the gas flow by diverting some of the 
N 2 buffer gas through a Pyrex bubbler containing 90% (by 
weight) H 2 0 2 solution. The total pressure was maintained at 
100 torr in all experiments. Measurement of the H 2 0 2 con- 
centration in the gas flow at both the inlet and outlet from the 
temperature-controlled cell not only allowed determination of 
the absolute H 2 0- concentration, but also allowed potential 
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Fig 1. Schematic of ihc apparatus. AC, absorption cell, BP, bypass valve; BPF, band-pass filter; CdL. cadmium pen 
ra> lamp; FM. flowmeter; M. monochromator; PA, picoammeter; PG. pressure gauge; PM. photomultiplier; T. throttle 
valve: TCAC. temperature-controlled absorption cell; TCC, temperature-controlled circulator; ZnL, zinc hollow cathode 
lamp, D 2 L, deuterium lamp. 


systematic errors from H 2 0 2 loss by decomposition or con- 
densation to be assessed quantitatively. The difference in 
H 2 0 2 concentrations measured at the inlet and outlet of the 
temperature-controlled cell did not exceed 5% in any of the 
experiments used to obtain H 2 0 2 cross sections. The H 2 0 2 
concentration in the temperature-controlled cell was always 
taken to be the temperature-corrected average of the con- 
centrations measured at the inlet and outlet. At temperatures 
above 381 K, H 2 0 2 decomposition became a problem, while 
the relatively low vapor pressure of H 2 0 2 prevented meaning- 
ful data from being obtained at temperatures below 285 K. 

In preliminary experiments, instead of using a single-pass 
temperature-controlled absorption cell, a multipass White cell 
setup was employed. Using a xenon arc lamp light source, a 
pathlength of 25 m could readily be obtained (70 passes 
through a 36-cm cell). However, at longer wavelengths, i.e„ 
a > 300 nm, a systematic error was uncovered in the multipass 
absorption measurements. The cross section measured at a 
given wavelength was found to depend upon the antireflection 
coating wavelength (of maximum transmission) of the White 
cell windows. We believe that this effect resulted from a 
change in refractive index at the gas-window interface due to 
adsorption of H 2 0 2 and/or H a O to the cell windows. Under 
certain conditions an improvement in the index match was 
obtained with H 2 0 2 flowing; this resulted in measurement of 
an apparent negative absorbance! At long wavelengths, where 
gas phase absorption was very weak, the magnitude of the 
artifact became intolerable. 

Use of a single-pass temperature-controlled absorption cell 
seemed to overcome this problem. While the pathlength was a 
factor of 10 shorter than in the White cell arrangement, system 
stability was somewhat improved. Hence meaningful measure- 
ments could be made for a £ 350 nm. To ensure that “window 
effects** were totally absent, at each temperature and wave- 
length the absorbance was also measured in a second shorter 
cell (20.0-cm pathlength) using the same windows as in the 


longer cell. Cross sections were then determined using the 
difference in absorbances and the difference in pathlengths 
between the long and short cells. Care was taken to collimate 
the light from the deuterium lamp in such a manner that no 
reflections from the walls of the absorption cells reached the 
detector. 

Results 

Measured H 2 0 2 absorption cross sections as a function of 
temperature and wavelength are tabulated in Table J. Our 300 
K cross sections are in good agreement with current rec- 
ommendations [ Demore ex al., 1985] throughout the 193- to 
350-nm wavelength range. However, a distinct temperature 
dependence is observed, which is most pronounced in the at- 
mospherically important 310- to 350-nm wavelength region. 

Extrapolation of Measured Cross Sections 
to Lower Temperatures 

Experimental measurements of H 2 0 2 absorption cross sec- 
tions at temperatures typical of the upper troposphere and 
lower stratosphere are unavailable and will be extremely diffi- 
cult to obtain at any rime in the future. In the absence of 
experimental data, we have employed a simple model to ex- 
trapolate our results to lower temperatures. The basic assump- 
tion in the model is that the observed temperature dependence 
in the H 2 0 2 absorption cross section results from the fact that 
ground electronic state H 2 0 2 with one quantum of 0-0 
stretch excitation absorbs more strongly at longer wavelengths 
than does unexcited H 2 0 2 . Semiempirical and ab initio calcu- 
lations of ground- and excited-state H 2 0 2 potential energy 
surfaces [ EvleiK 1976; Rank and Barriel , 1977; Evleth and 
Kassab , 1978; Chevaldonnet ex al. % 1986; Gericke et ai % 1986] 
strongly support this assumption, i.e., the lowest energy spin 
allowed transition is from the relatively anharmonic X'A 
ground state to the steeply repulsive A' A excited state. The 
0-0 stretching frequency is 877 cm” 1 [ Giquere , 1950]. Hence 
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TABLE 1. Measured Hydrogen Peroxide Absorption Cross 
Sections as a Function of Wavelength and Temperature 


nm 



a , 10' 21 cm 2 



285 K 

300 K 

327 K 

355 K 

381 K 

193 


589 


582 

585 

230 

182 

180 

183 

182 

183 

235 

152 

149 

152 

151 

153 

240 

124 

123 

126 

125 

127 

245 

102 

101 

106 

103 

103 

250 

83.0 

82.1 

84.8 

84.4 

86.7 

255 

66.8 

65.8 

68.2 

68.1 

71.0 

260 

53.3 

52.5 

54.8 

$4.7 

57.1 

265 

42.3 

42.0 

43.7 

44.1 

46.3 

270 

33.3 

33.1 

34.7 

35.0 

37.1 

275 

25.6 

25.4 

27.0 

27.6 

29.0 

280 

200 

19.8 

20.9 

21.6 

22.3 

285 

15.0 

15.3 

16.2 

16.8 

17.4 

290 

11.8 

11.8 

12.4 

13.1 

13.4 

295 

8.79 

8.85 

9.39 

9.98 

10.2 

300 


6.58 

7.21 

7.69 

7.81 

305 


4.97 

5.44 

5.71 

5.90 

310 


3.66 

4.13 

4.29 

446 

315 


2.65 

309 

3.29 

3.36 

320 


1.99 

2.31 

2.47 

2.59 

325 


1.43 

1.79 

1.85 

1.93 

330 


1.10 

1.18 

1.40 

1.57 

335 


0.82 

0.94 

1.07 

1.18 

340 


0.54 

0.67 

0.78 

0.92 

345 


0.51 

064 

0.66 

0.74 

350 


043 

048 

0.50 

0.60 


for T < 400 K. the fraction of H 2 0 2 molecules with one quan- 
tum of 0-0 stretch excitation is ^0.04 and the fraction with 
more than one quantum of 0-0 stretch excitation is negligi- 
ble. 

According to our simple model, the absorption cross section 
at a particular wavelength and temperature is given by the 
expression 

oiL T) * X 0 (T)c 0 U) + X^Tfr^X) ( 1 ) 

where the subscripts refer to the number of quanta of 0-0 
stretch excitation. The mole fractions X 0 and X x arc readily 
computed from the following equations: 

Q * 1 + exp (— A£/RT) (2) 

*o - 1/C (3) 

X.-l-Xo-tC-D/G (4) 

where A£ is the energy of one quantum of 0-0 stretch, i.e M 
877 cm -1 . It should be noted that (2) is a simplified form for 
the vibrational partition function which ignores the low- 
frequency torsional mode. Inclusion of torsional frequencies 
[Hum et 1965; Helminger et a/ M 1981; Ticich el al M 1986] 
has a negligible effect on computed values for X 0 and X x . 

The data analysis involved least squares fitting the 
temperature-dependent cross sections at each wavelength to 
obtain best fit values for a 0 {X) and a x (X). The results are plot- 
ted in Figure 2. "Recommended’' values for a 0 {X) and o x (X) are 
obtained from the smoothed results (solid lines in Figure 2); 
they are tabulated in Table 2. The smooth curve drawn 
through the a x (X) data assumes that <r,(/.) is wavelength inde- 
pendent for A < 260 nm (obviously a rather gross approxi- 
mation) However, since nearly all absorption at /. < 260 nm is 



Fig. 2. Best fit values for o 0 and a , as a function of wavelength. 

from vibrationally unexcited H 2 0 2 , this approximation has 
little effect on the calculated cross sections (c). 

"Recommended” values for a as a function of wavelength 
and temperature can be calculated from the recommended 
o 0 (/.) and <t,(/.) using ( 1 )— (4). Some representative results are 
shown in Figure 3, plotted in the form <x versus IQ, which. 


TABLE 2. Values for a 0 and e, Used to Calculate "Recommended’' 
H 2 0 2 Absorption Cross Sections as a Function of Wavelength and 
Temperature 


/«, nm 

<7 0 . 10" JI cm 2 

o x% 10“ 21 cm 2 

193 

591 

250 

230 

181 

250 

235 

150 

250 

240 

122 

250 

245 

99.0 

249 

250 

80.0 

244 

255 

64.0 

233 

260 

50.8 

215 

265 

40.0 

189 

270 

30.9 

167 

275 

23.8 

146 

280 

18.4 

127 

285 

13.9 

109 

290 

11.0 

945 

. 295 

8.00 

80.5 

300 

5.80 

68.5 

305 

4.25 

58.5 

310 

3.08 

49.3 

315 

2.23 

41.3 

320 

1.60 

34.3 

325 

1.15 

28.3 

330 

0.815 

23.0 

335 

0.595 

184 

340 

0428 

14.0 

345 

0.310 

10.5 

350 

0.220 

8.0 
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T (K) 

360 300 225 0 



Fig. 3. Plots of a versus 1 Q for A * 300. 320. 335. and 350 nm. 
Open and closed circles are experimental data Dashed lines are best 
fit of the experimental data at each particular wavelength Solid lines 
are computed from “recommended" (i.e.. smoothed) values of o 0 U) 
and 


according to (1H4). should be linear. The open and solid 
circles in Figure 3 represent experimentally measured cross 
sections, while the dashed lines are calculated using best fit 
a 0 (A) and c,(/.) values at each individual wavelength (i.e., the 
data points in Figure 2) and the solid lines are calculated 
using "recommended" values for a 0 (/.) and a x (/.) (i.e., solid 
lines in Figure 2). 

Photodissociation and Other Atmospheric H 2 0 2 
Loss Processes 

The temperature-dependent absorption cross sections ob- 
tained in this study have been employed to calculate atmo- 
spheric H 2 0 2 photodissodation rates at altitudes of 0, 5, and 
10 km, i.e., at temperatures of 288, 257, and 224 K. Solar 
fluxes were obtained from W. L. Chameides (private com- 
munication, 1987) and are appropriate for a zenith angle of 
60 c (close to the global daytime average zenith angle). The 
results are summarized in Table 3. One interesting aspect of 
the results in Table 3 is that about 20% of H 2 0 2 photolysis 
appears to occur at wavelengths longer than 350 nm, where 
no cross-section data is available. Values for o at wavelengths 
longer than 350 nm were obtained by extrapolation (assuming 
a linear In a versus A dependence) and are therefore subject to 
considerable uncertainty. However, the error in j Hj0j which 
results from using extrapolated cross sections is much smaller 
than the error which would result from ignoring ail photolysis 
at wavelengths longer than 350 nm. Since average daytime 
solar fluxes were used in the calculations, diurnally averaged 
photolysis rates are a factor of 2 smaller than those given in 
Table 3 Hence the lifetime of H 2 0 2 toward photodissociation 
is 5.2 days at 0 km. 3.9 days at 5 km, and 3.6 days at 10 km. 


TABLE 3. H 2 0 2 Photolysis Rates Versus Altitude at a Solar 
Zenith Angle of 60 


Z, km 

T, K 

10" "Q, 
/_ nm cm~ J s' 1 

)0-“cm J 

Qa, 

io-* $" 

h * 

- 1 

0 

288 

300-310 

3.3 

486 

16.1 





310-320 

31.0 

267 

82.8 





320-330 

73.4 

145 

106 





330-340 

109.1 

80.6 

88.0 





340-350 

126.5 

44.9 

56.8 





350-360 

139.4 

26.0 

36.3 





360-370 

161.0 

15.1 

24.3 





370-380 

174.5 

8.8 

15.4 





380-390 

178.5 

5.3 

9.3 





390-400 

228.4 

3.3 

7.4 

4.43 x 

10"* 

5 

257 

300-310 

5.9 

462 

27.3 





310-320 

50.7 

250 

127 





320-330 

112.4 

133 

149 





330-340 

160.4 

- 72.2 

116, 

# 




340-350 

178.7 

39.0 

. 69.7 * 





350-360 

189.9 

22.0 

41.7 





360-370 

212.9 

12.4 

26.3 





370-380 

225.2 

7.0 

15.7 





380-390 

225.1 

4.0 

9.1 





390-400 

281.3 

2.4 

6.7 

5.89 x 

io-* 

10 

224 

300-310 

7.9 

444 

35.2 





310-320 

64.1 

237 

152 





320-330 

137.3 

123 

170 





330-340 

192.6 

66.0 

127 





340-350 

211.7 

34.7 

73.4 





350-360 

221.4 

19.0 

42.1 





360-370 

244 4 

10.4 

25.3 





370-380 

256.3 

5.6 

144 





380-390 

253.9 

3.1 

7.8 





390—400 

313.5 

1.7 

5.5 

6.53 x 

10’* 


Q is equal to the total photon flux in the given wavelength range; a 
is equivalent to the average cross section in the given wavelength 
range; for /. > 350 nm, cross sections are estimated by extrapolation; 
j is equivalent to LQd, the first-order atmospheric photolysis rate. 


In Table 4 we compare H 2 0 2 photodissociation rates ob- 
tained in this work with those calculated using currently rec- 
ommended absorption cross sections [ DeMore et al. y 1985] 
and with estimated rates of H 2 0 2 removal by reaction with 
OH and by rainout. The first-order rate of reaction with OH 
was calculated using the currently recommended rate coef- 
ficient for (R3) [ DeMore et al. y 1985] and a diurnally averaged 
OH concentration obtained by interpolating the OH altitude 
profiles calculated by Logan et ai [1981] at 15 c and 45°N to a 
latitude of 41°N; Chameides and Tan [1981] have argued that 


TABLE 4. Comparison of Diurnally Averaged H 2 0 2 Removal 
Rates Under Atmospheric Conditions Typical of 41°N Latitude 


z, 

km 

J. 10-’ 

NASA* 

s’ 1 

This 

Work 

10-’s-' 

k * 

10’^ s’ 1 

0 

23 

22 

9.0 

4—40 

5 

35 

29 

14 

2-20 

10 

42 

33 

9.5 

0.5-1.5 


•Based on recommendations of DeMore et al. [1985]. 

*High values are predicted when cycling between wet and dry 
periods ts rapid; low values arc predicted when storm cycle is long 
[Ciorg: and Chameides. 1985] 
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4PN is the latitude at which the average daytime solar zenith 
angle is 60% as assumed in the Rvalue calculations. A range of 
values is given in Table 4 for the H 2 0 2 rainout rate. It has 
been argued that for a highly soluble species such as H 2 0 2 , 
the time-averaged rainout rate depends not only on the 
average rainfall, but also on the penod of the storm cycle 
[Thompson and Cicerone , 1982; Giorgi and Chameides , 1985]. 
The upper limit values for k A were calculated assuming infi- 
nitely rapid cycling between wet and dry periods, while the 
lower limits are representative of a boundary layer storm cycle 
of about 1 month [Giorgi and Chameides , 1985]. 

Values for j Hj0l calculated using currently recommended 
cross sections are higher than those calculated using our 
temperature-dependent cross sections by a factor of 12 at 5 
km and a factor of 1.3 at 10 km. Photodissociation appears to 
be the single most important H 2 0 2 removal mechanism at 
these altitudes, though both reaction with OH and rainout are 
important, particularly at 5 km. Incorporation of our results 
into models of free tropospheric chemistry should result in a 
small but significant decrease in calculated HO, levels. 
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A pulsed laser photolysis technique has been employed to investigate the kinetics of the radical-radical reaction 0( J P) + 
HOj ifc OH *f 0 2 over the temperature range 266-391 K in 80 Toit of N 2 diluent gas 0( 3 P) was produced by 248.5-nm 
KjF laseT photolysis of 0 3 followed by rapid quenching of Oi’D) to 0( 3 P), while H0 2 was produced by simultaneous photolysis 
of H 2 0 2 to create OH radicals which, in turn, reacted with H 2 0 2 to yield H0 2 The 0( 3 P) temporal profile was monitored 
by using time-resolved resonance fluorescence spectroscopy The H0 2 concentration was calculated based on experimentally 
measured parameters. The following Arrhenius expression describe our experimental results: kfT) * (2.91 ± 0.70) x 
10" n exp[(228 ± 75)/7] where the errors are 2<r and represent precision only. The absolute uncertainty in Jc, at any temperature 
within the range 266-391 K is estimated to be ±22%. Our results are in excellent agreement with a discharge flow study 
of the temperature dependence of k ] in 1 Torr of He diluent reported by Keyser, and significantly reduce the uncertainty 
in the rate of this important stratospheric reaction at subambient temperatures. 


Introduction 

The reaction of ground-state oxygen atoms with hydroperoxyl 


radicals 


0(»P) + HOj — OH + Oj 

0) 

is a major odd oxygen destruction pathway in the upper strato- 
sphere and mesosphere. AJong with the reactions 

0( 3 P) + OH — H + 0 2 

(2) 

H + 0 2 + M — HO; + M 

(3) 

H + 0 3 — * OH + 0 2 

(4) 

•Author to whom correspondence should be addressed. 
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reaction 1 plays a major role in controlling the partitioning among 
H, OH, and H0 2 radicals in the upper atmosphere. Hence, 
accurate kinetic data for reaction 1 are needed in order to model 
upper atmospheric chemistry. 

Several kinetics studies of reaction 1 are reported in the lit- 
erature. 1 2 " 7 Four recent direct measurements of k\ at 298 K are 
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Figure 1. Schematic of the apparatus AC, absorption cell; BPF, 
band-pass filler; CdL, cadmium lamp; CE, counting electronics; Cl, 
coolant inlet; DG, delay generator, F, flow meter, M, monochromator, 
MCA, multichannel analyzer, *iWPS, microwave power supply; PG, 
pulse generator; PA, picoammeter, P, pressure gauge; PL, photolysis 
laser; PM, photomultiplier, R, radiometer, RC, reaction cell; SAOI, 
segmented aperture optical integrator, SBPM, solar blind photomulti- 
plier; ZnL, zinc lamp. For the sake of clarity, the solar blind photo- 
multiplier and resonance lamp are shown at 180*. In reality, the SBPM, 
resonance lamp, and laser beam were at right angles to each other. 

in excellent agreement/" 7 with reported rate coefficients all within 
the range (5. 2-6. 2) X 10” 11 cm 3 molecule' 1 s' 1 . However, there 
has been only one investigation of the temperature dependence 
of Keyser 5 studied reaction 1 over the temperature range 
229-372 K in a discharge flow system at 1-Torr total pressure 
and observed that kfT) increased with decreasing temperature; 
his reported “negative activation energy* was ~0.4 kcal mol' 1 . 
Although Kcyser’s study of reaction 1 was a high-quality ex- 
periment which appears to be free of significant systematic errors, 
the uncertainty in his reported activation energy will remain 
undesirably high 1 until independent confirmation is reported. 

Several years ago, we developed a pulsed laser photolysis 
technique for studying the kinetics of radical-radical reactions 
at pressures up to 1 atm. We first applied this technique to 
investigate reaction 1 at 298 K over the pressure range 10-500 
Toit. 6 7 8 In this paper, we report the results of a pulsed laser 
photolysis-resonance fluorescence study of the temperature de- 
pendence of k ,. Our results, obtained by using a much different 
experimental approach than that employed by Keyser, 5 confirm 
his reported temperature dependence and also demonstrate that 
k ] is independent of pressure at subambient temperatures. 

Experimental Section 

With a few modifications, the experiments were carried out in 
the same manner as our previous room-temperature study. 6 A 
review of the experimental approach, along with details pertinent 
to this investigation, is given below. A schematic of the apparatus 
is shown in Figure 1. 

All experiments were carried out under slow -flow conditions 
using a jacketed Pyrex reactor with an internal volume of 320 
cm 3 . The cell was maintained at a constant temperature by 
circulating ethylene glycol from a thermostated bath through the 
outer jacket. A copper-constaman thermocouple with a stainless 
steel jacket was inserted into the reaction zone through a vacuum 
seal, thus allowing measurement of the gas temperature under 
the precise pressure and flow conditions of the experiment. 

Reactants were produced with HO : in excess by 248.5-nm 
pulsed laser photolysis of H 2 0 2 /0 3 /N 2 mixtures: 

H 2 Q 2 ♦ hr (248.5 nm) — 20H (5) 


(5) Keyser. L. F. J Phys. Chem 1982. 86, 3439 

(6) Ravishankara, A. R.; Wine, P. H.; Nicovich, J M. J. Chem. Phys. 
1983, 78, 6629 

(7) Brunc, Wm. H., Schwab. J. J.; Anderson. J G. J. Phys Chem 1913. 

87, 4503. 

(8) DeMort, W. B Margiun. J J.; Molina, M. J.; Watson. R. T.; Golden. 
D M.; Hampson. R F.; Kurylo. M. J.; Howard. C. J.; Rivishankara. A R 
•Chemical Kinetics and Photochemical Data for Use in Stratospheric 
Modeling*, Evaluation No. 7. JPL Publication 85-37, 1985. 


j— O^D) 4- Oj/a 1 A 9 > (6a) 


Oa + Ar (248.5 nm) — 


C X*P> 4 0 2 (X S I 9 “) 

OH + H 2 0 2 — HO : 4 H 2 0 
OCD) + N r 0( 3 P) 4 N 2 


(6b) 

(7) 

( 8 ) 


A Lambda Physik Model 200E KrF excimer laser was used as 
the photolysis light source. Kinetic data were obtained by 
time-resolved resonance fluorescence detection of 0( 3 P). The laser 
pulse width was 20 ns while, under our experimental conditions, 
reactions 7 and 8 proceeded at rates of (>-10) X 10 3 and 7 X 10 7 
respectively. 0( 3 P) decay rates were typically in the range 
30-500 s'*. 

As in our previous study, the concentration of the excess 
reactant, HQ 2 , was not directly measured but was calculated based 
on experimentally measured and other known parameters. To 
obtain [HOJ, one must determine [OH]o. the initial concentration 
of pbotolytically produced OH, and the yield of HO^/rom ^reaction 
7 and competing side reactions. The chemistry of conversion of 
OH to H0 2 is discussed in detail in a later section. Since the 
concentrations of H 2 0 2 and 0 3 were such that the system was 
optically thin at 248.5 nm, [OH] 0 could be calculated from the 
following relationship 

[OH] 0 * 4>oh*(H 2 0 2 , 248.5 nm,70[H 2 O 2 ]F (I) 


where ♦oh is the quantum yield for OH production from 248.5-nm 
photolysis of H 2 0 2 , <r(H 2 0 2 ,248.5 nm,7") is the absorption cross 
section for H 2 0 2 at 248.5 nm and temperature T, and F is the 
laser photon fiuence. The determination of each factor in eq 1 
is discussed in detail below. 

♦oh : ^ is known 9 " 11 that ♦qh — 2. 

<t(H 2 0 2 ,248.5 nm,T): The absorption cross section for H 2 0 2 
at 248.5 nm is known to be 8.8 X 10' 20 cm 2 at 298 K* We have 
recently measured temperature-dependent absorption cross sections 
for hydrogen peroxide over the wavelength range 193-350 nm. 12 
At 248.5 nm, the following expression describes the observed 
temperature dependence (units are cm 2 molecule -1 ): 

(r(H 2 0 2 , 248.5 nm,7) » 1.023 X KT 19 exp)(^5 ± 20)/T] 

(ID 


[H^J: Hydrogen peroxide can be lost in the slow -flow system 
either by decomposition (particularly at higher temperatures) or 
by condensation (at lower temperatures). To ensure that the H 2 0 2 
concentration in the reactor was known, we monitored H 2 0 2 by 
UV photometry before the gas mixture entered the reactor and 
after the gas mixture exited the reactor. The absorption cells were 
216.2 and 90.0 cm in length. The monitoring wavelengths were 
228.8 nm in the longer cell (Cd line) and 202.6 nm in the shorter 
cell (Zn* line). Both cells were kept at ambient temperature, and 
the absorption cross sections needed to convert absorbance data 
to H 2 0 2 concentration were obtained by interpolation from current 
NASA recommendations: 1 1.86 X 10 -19 cm 2 at 228.8 nm and 
4.31 x 10" 19 cm 2 at 202.6 nm. When the reactor temperature 
was 350 K or below, the difference in H 2 0 2 concentration mea- 
sured in the two absorption cells was never more than a few 
percent At 391 K, the highest temperature at which experiments 
were performed, 15-20% of the H 2 0 2 was lost upon traversal of 
the reactor. The H 2 0 2 concentration in the reaction zone was 
always taken to be the temperature-corrected average of the 
concentrations measured in the two absorption cells. Under our 
experimental conditions, absorption by ozone was negligible 
compared to absorption by H 2 0 2 at 202.6 nm. At 228.8 nm, ozone 
made a small but significant contribution to the total absorbance. 
Care was taken to ensure that [0 3 ] was constant during the / and 
7 0 measurements required for the [H 2 0 2 ] determination. 


(9) Volmin. D H Adi. Phoiochem 1963. /. 43 

(10) Greiner, N R J Chem Phys. 1966. 45, 99 

(11) Vaghjiani. G. L.; Ravishankara. A R . private communication 

(12) Nicovich. J. M , Wine. P H , to be submitted for publication 
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F : The photolysis laser beam was made spatially uniform 
through use of a segmented aperture optical integrator. 613 
Virtually the whole cross-sectional area of the cell was irradiated, 
and the depth of focus of the integrated beam was such that radical 
concentrations were nearly uniform down the entire length of the 
cell. The laser beam fluence was measured as the beam exited 
the reactor by using an EG&G photodiode based radiometer 
capable of measuring individual pulses. Pulse-to-pulse stability, 
a requirement for signal averaging in this type of experiment, was 
found to be very good. Only an occasional pulse energy deviated 
from the average by more than ±5%. In order to avoid having 
to correct the measured fluence for reflection off the back window, 
an antireflection coated window with >99.5% transmission at 248.5 
nm was employed The radiometer was calibrated by using a novel 
ozone actinometry method which has been described in detail 
previously. 6 

As mentioned above, all experiments were carried out under 
slow- flow conditions. The linear flow velocity through the reactor 
was typically 12 cm s"\ and the laser repetition rate was typically 
0.4 Hz. The reactor was 23 cm in length, so the reactor volume 
was completely replenished with a fresh gas mixture between laser 
pulses. All experiments employed nitrogen as the buffer gas at 
a total pressure of 80 Torr. Data were obtained over the tem- 
perature range 266-391 K. The temperature range was limited 
at the low end by the vapor pressure of H 2 0 2 and at the high end 
by the thermal instability of H 2 0 2 . 

The gases used in this study had the following stated minimum 
purities: N 2 , 99.999%; 0 2 , 99.99%. Hydrogen peroxide was 90 
wt % in water. It was concentrated further by bubbling N 2 
through the sample for several days before experiments were 
undertaken and continuously during the course of the experiments. 
To prevent significant decomposition of H 2 0 2 , all components 
traversed by H 2 0 2 between the bubbler and the exit from the last 
absorption cell were Pyrex or Teflon with the exception of a few 
stainless steel fittings. The needle valve and flowmeter in the H 2 0 2 
line were positioned so that N 2 flowed through these components 
before entering the bubbler. Ozone was prepared by passing 0 2 
through a commercial ozonator and was stored on silica gel at 
197 K. Before use it was degased at 77 K to remove 0 2 . Dilute 
0 3 /N 2 mixtures were prepared in 12-L Pyrex bulbs for use in 
experiments. 

A typical experiment was initiated by flowing (3-10) X 10 12 
0 3 molecules cm' 3 in 80 Torr of N 2 through the reactor and 
absorption cells. J 0 and the intensities of 228.8- and 202.6-nm 
light transmitted through the absorption cells, were measured. 
Next. H 2 0 2 was introduced into the gas flow, the N 2 flow was 
reduced so the total flow rate and total pressure were the same 
after addition of H 2 0 2 as before addition of H 2 0 2 , and I and J , 
the reduced intensities of 228.8- and 202.6-nm light transmitted 
through the reactor, were measured. Using the measured values 
of /, /o, /, and we calculated the concentration of H 2 0 2 in the 
gas stream entering and exiting the reactor, it ranged from (2-6) 
X 10 15 molecules cm' 3 . / and J were continuously monitored 
during the course of an experiment. The multichannel analyzer 
was pretriggered before the photolysis laser fired to obtain the 
background count rate. The concentration of CK^P) was monitored 
as a function of time after the photolysis pulse. A total of 50-200 
laser shots were averaged to obtain one pseudo-first-order kinetic 
decay. The fluence of each laser pulse was measured by using 
the radiometer and a calibrated aperture. The laser fluence was 
varied at constant [0 3 ] and [H 2 0 2 ] to obtain pseudo- first-order 
decays as a function of [H0 2 ). Five to ten fluence values were 
employed to determine each bimolecular rate constant, from 
the slope of a k'vs. [H0 2 ] plot (k'* the CK 3 P) pseudo- first-order 
decay rate). After the fluence variations were completed, the HjOj 
flow was turned off, the total pressure and total flow rate were 
readjusted, and I 0 and J 0 were remeasured. All H0 2 concen- 
trations employed in the A, determinations were in the range 
(0.15-8.5) X 10 12 molecules cm’ 3 . It should be noted that, in a 


(13) Raviahankara. A. R.; Eiaele. F. L; Kruetier, N M.; Wine, P. H. J. 
Chem Phys mi. 74. 2267. 



Figure 2. Typical 0( 3 P) temporal profiles observed following 248 5-nm 
pulsed laser photolysis of Oj/HjOj/Nj mixtures /Experimental condi- 
tions. T * 281 K, P * 80 Torr, (HjOj) * 3:9 x 10 15 molecules cm -1 , 
(0 3 ) * 6 X 10 12 molecules cm' 3 , laser fluence (in units of mJ cm' 2 ) * 
(a) 1.95, (b) 4.55, and (c) 6.31. Solid lines are obtained from least- 
squares analyses of the first two \/e times of 0( 3 P) decav and give the 
following pseudo- first-order decay rates {k f €tpC )- (a) 1 1 1 s' 1 , (b) 210 s' 1 , 
(c) 303 s' 1 . 

series of runs involving variation of the laser fluence at constant 
[0 3 ] and [H 2 0 2 ], the ratio [OH] 0 /[O( 3 P)J 0 is not altered; to 
change this ratio, the composition of the reaction mixture must 
be varied. 

Results and Discussion 

In the absence of competing side reactions which affect the H0 2 
concentration, the kinetic system is inherently pseudo first -order; 
i.e., all H0 2 lost via reaction 1 is rapidly regenerated via reaction 
7. However, as will be discussed in detail below, the importance 
of certain side reactions is suppressed when [HO : J » [0( 3 P)J. 
Most of our experiments were carried out under experimental 
conditions where [HO : ] » 10[O( 3 P)] 0 , although this ratio was 


varied as a check on the kinetic model used to extract At low 

temperature, where relatively low H 2 0 2 concentrations had to be 
employed, the H0 2 to 0( 3 P) ratio was typically somewhat lower 

than that employed at higher temperatures. 

Pbotolytically produced 0( } P) can be lost via 
(pseudo) first-order processes: 

the following 

0( 5 P) + HO; — OH + 0} 

(1) 

O(’P) + H : Oj — OH + HOj 

(9) 

0( 3 P) + 0 3 ~ 20} 

(10) 


0( 3 P) -* loss by diffusion from the detector field of 

view and reaction with background impurities (11) 

Under our experimental conditions, reaction 1 dominated 0( 3 P) 
removal except at very low H0 2 levels. Reaction 10 was of 
negligible importance while reaction 9 was minor but not negli- 
gible. 14 k u was directly measured to be ~ 5 s' 1 — 1-2 orders of 
magnitude slower than *,[H0 2 ] under most experimental con- 
ditions. 

In the absence of competing side reactions which affect the 
concentrations of 0( 3 P) or H0 2 , removal of 0( 3 P) should obey 
first-order kinetics 

In |[O( 3 P)J 0 /[O( 5 P)J| - (MHO}) + * d )r * (HO 

where 

« MHA) + MA] + k„ (IV) 


(14) Wine, P H.; Nicovich, J M ; Thompson. R J : Ravishankara. A R. 
J Phys Chem 1983. 87. 3948 
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rH 0 a 3 ( 10 "mol«culM p#rcm>) 

Figure 3. Typical plott of k'^ n [OH] 0 (open circles) and *' v». 
(HOjja** (closed circles). Experimental conditions: T m 281 K, P • 80 
Toit, [H 2 0 2 ] * 3.9 x 10 13 molecules cm' 3 , (0 3 ) ■ 6 x 10 13 molecules 
cm' 3 . The dashed line is obtained from a linear least-squares MnsJysis 
of the k' npU vs. [OH] 0 data and gives the “uncorrected" rate coefficient 
(5.24 ± 0.38) x l(T n cm 3 moleculc" , s' 1 . The solid line is obtained from 
a linear least-squares analysis of the k'vs. [HOjl^u data and gives the 
“corrected’ rate coefficient (6.15 dt 0.54) X 1 0 -1 1 cm 3 molecule" 1 a' 1 . 


TABLE 1: Reaction Set for Computer Simula boos 

reaction rate coefficient * * * 4 ** 


0+H0j-0H + 0 2 
O 4 OH — H + 0 2 
H + Oj-OH + Oj 
OH 4 H,0 2 — H0 2 4 H 2 0 
O + H 2 0 2 -OH + H0 2 
O + Oj- 20 2 
O — loss 

OH 4 HO : — 0 2 4 H 2 0 
H0 2 4 H0 2 — H 2 0 2 4 o 2 
H0 2 loss 

H0 2 4 Oj - OH 4 20 2 
H 4 H0 2 — 20H 


ft, - 3 x 1 (T n expUOO/7*) 
k 3 • 2.2 x 10" ,J exp(l 17/D 
k 4 * 1.4 X lO* 10 exp(-470/D 
ki - 3.1 X l(T ,3 exp(-l 87/71 
k % » 1.4 x 10~ 13 exp{-2000/7") 
ft,o» 8 x KT 13 exp<-2 060/71 
*i. -5f« 

ft l3 « 1.7 x 10- 1J exp<416/71 4 3 x 
l(r 3 , [M] exp( 500/71 
* 2.3 X I0- 13 exp<590/71 4 1.7 X 
l(r 33 [M] exp(1000/71 
k M * 5 s'* 

k |3 * 1.4 x 1(T 14 exp(-580/71 
A,* - 6.4 X lcr" exp(0/71 


4 All rate coefficients are taken from rtf 9 except A,, which was 
measured and A, 4 which was set equal to A,,. *A11 rate coefficients 
except A n and are in units of cm 3 molecule' 1 a' 1 . 


Figure 2 shows typical plots of In fO( 3 P)] vs. /. Equation III does 
indeed appear to be obeyed. If side reactions were unimportant, 
the bimolecular rate coefficient would be obtained from the slope 
of a k' npl] vs. [OH] 0 plot, such as shown in Figure 3. 

Secondary > Chemistry. In the paper describing our 298 K study 
of reaction 1, possible side reactions were considered in detail. 6 

It was ooncluded that two reactions could significantly affect the 
HO : temporal profile: 

OH 4 H0 2 -> 0 2 4 H 2 0 (12) 

H0 2 4 HQ 2 — H 2 0 2 4 0 2 (13) 



COHlo OO^molecuUi per cm 5 ) 

Figure 4. Typical correction curves (obtained from computer simula- 
tions) which relate [HOj].*, to (OH] 0 . Ail curves shown in the figure 
art from simulations with [H 2 OJ * 4 X 10 13 molecules cm' 3 . Tem- 
perature: 1, 400 K; II, 300 K; III, 260 K. (OH) 0 /(O( 3 P) J 0 : *. 1 b, 
10; c, 4. 


■ * # 



CHOaimaxdO^moleculea pur cm 5 ) 

Figure 5. Typical correction curves (obtained from computer simula- 
tions) which relate A'^ to A 'via eq VI. All curves shown in the figure 
are from simulations with [H 2 0 2 ] * 4 x 10 ,s molecules cm' 3 . Tem- 
perature: 1, 400 II, 300 K. III. 260 K [OH) 0 /[O( 3 P)] 0 : a, 10 4 ; b, 
10; c, 4. 

[OH] 0 /[H 2 O 2 ]) and at low temperature. From the computer 
simulations, a set of curves were constructed which relate 
the peak amount of H0 2 present after all photolyiically 
produced OH has reacted away but before appreciable HO : loss 
via processes such as reaction 13 has occurred, to [OH] 0 . Rep- 
resentative correction curves are plotted in Figure 4. For the 101 
experiments used in the kfT) determinations, the average value 
for [HOJ^/IOHJo was 0.947 while the minimum value under 
any set of experimental conditions was 0.845. 

As pointed out above, loss of 0( 3 P) via reactions 1 and 9-1 1 
occurs on a time scale which is long compared to the time scale 
for H0 2 formation. Hence, if the concentration of H0 2 were 
constant over the time period of 0( 3 P) removal, k l could be 
obtained from the slope of a k vs. [H0 2 ] iaM plot. Unfortu- 
nately, email but significant time variation of (H0 2 ] can result 
from the occurrence of reactions 9, 13, and 14. Reaaions 9 and 


To quantify the roles of reaaions 12 and 13 in our kinetics ex- 
periments, a series of computer simulations were carried out where 
the temporal profiles of key species were calculated under a variety 
of experimental conditions by numerical integration of the ap- 

propriate rate equations. For completeness, a number of reaaions 
which were expeaed to play very minor roles in the 0( 3 * * P) and 
H0 2 kinetics were included in the mechanism. The complete sets 
of reaaions and rate coefficients used in the simulations are given 
in Table I. 

Reaaion 12 competes with reaaion 7 during the period im- 
mediately after the laser pulse when OH is being converted to 

H0 2 . Each time reaction 12 occurs, two H0 2 radicals are lost 
which otherwise would have been present to reaa with 0( 3 P). 

Reaction 12 is most important at high laser fluence (i.e., high 


H0 2 loss by diffusion from the reaaion zone and 

reaaion with background impurities (14) 

14 are most important at low User fluences, i.e., low [H0 2 ]. 
Reaaion 9 is strongly temperature dependent and increases in 
importance at high temperature. Reaction 9 is also a more im- 
portant source of H0 2 when [OH) 0 /[O( 3 P)) 0 is relatively low. 
Reaaion 13 becomes an important H0 2 removal mechanism at 
relatively high H0 2 concentrations. To avoid large corrections 
for H0 2 loss via reaction 13, all experiments were carried out with 
[H0 2 ) nai < 9 x 10 12 molecules cm' 3 and all data analyses were 
restricted to two 1 / e limes of 0( 3 P) decay; i.e., no data where 
(O( 3 P)]/[O( 3 P)J 0 <0.13 were used in the data analysis. Com- 
puter simulations were carried out under a variety of experimental 
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TABLE II: Summary of Our O + H0 3 Kiactic Data 
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T. K 

no. of 
expts* 

[HjOj], 
10' 5 cm' 1 

(OH)o/lO)o 

range of 

k', s" 1 

*„ icr" cm 5 

uncorrected' 

molecule -1 s -1 , ± 2<P 
corrected' 

266 

6 

2.98 

5.0 

100-268 

5.22 

± 

0.51 

7.00 ± 0 70 

266 

6 

2.37 

6.8 

28-209 

5.92 

± 

0.39 

7.14 ± 0.52 

275 

6 

5.61 

12 

57-608 

5.58 

± 

0 54 

6 60 ± 0.75 

281 

6 

3.90 

11 

33-327 

5.24 

± 

0.38 

6.15 ± 0.54 

298 

5 

4.22 

10 

56-558 

5.29 

± 

0.65 

6.30 ± 0.91 

300 

10 

3.57 

7.1-17 

51-487 

5.16 

± 

0.30 

6.16 ± 0.73 

300 

6 

2.05 

6.8 

32-293 

5.21 

± 

0.73 

6.34 ± 0.73 

300 

7 

3.81 

6.9 

66-358 

4.81 

± 

0.52 

5.69 ± 0.56 

318 

6 

5.46 

13 

73-547 

5 48 

± 

0 13 

6.28 ± 0.09 

328 

8 

3.07 

8.0 

66-326 

5.44 

± 

0.24 

6.24 ± 0.28 

354 

6 

3.90 

16 

55-418 

5.14 

± 

0.45 

5.86 ± 0.54 

359 

5 

4.63 

15 

92-368 

4.52 

± 

0.69 

5.11 ± 0.70 

374 

8 

4.62 

15 

75-361 

4.40 

± 

0.40 

4.87 ± 0.43 

380 

7 

4.71 

19 

72-466 

5.11 

± 

0.39 

5.63 ± 0 40 

391 

9 

4.94 

11 

111-438 

4.87 

± 

0.32 

5.28 ± 0.38 


'Experiment ■ determination of one pseudo-first-order rate coefficient. * Errors repre s ent precision only. 'Obtained from the slopes of k'^ vs. 
IOH] 0 plots. 'Obtained from the slopes of It' vs. (HOJ*** plots. 


TABLE HI: Comparison of Our Results with Those of Other Uvestigators 


range of 

r. K 

range of 
P, Ton 

M 

exptl method* 

exptl conditions 

A* 

E/R. K 

*, (298 K)» 

ref 

298 

1.0 

He 

DF-LMR 

relative to k 2 



2.7 ± 1 O' 

1 





relative to k 7 



6.3 ± 2.V 


298 

0.8-2. 3 

He 

DF-LMR/ESR 

(0( 3 P)) » (H0 2 ] 



3.7 ± 1.1 

2 


2. 8-3. 4 



(H0 2 ) » [0( J P)] 



4.2 ± 1.5 



3. 7-5. 5 



relative to k 2 



3.0 ± O.y 


298 

1200 

Ar/H 2 /0 2 

PR-UVA 

k, extracted by modeling 



7 ± 2 

3 





complex chemistry 





296 ± 2 

2.5 

He 

DF-RF/LIF 

[H0 2 ] » (0( J P)) 



5.4 ± 0.9 

4 

229-372 

1.0 

He 

DF-RF 

IHOjJ » |0( J P)J 

3.1 ± 0.3 

200 ± 28 

6.1 ±0.4 

5 

298 

10-500 

n 2 

PLP-RF 

[HO,] » [0(>P)) 



6.1 ± 1.1' 

6 

300 

1.0-4 0 

He 

DF-LMR/RF/RA 

[O(’P)] » [HO,] 



5.2 ± 0.8 

7 





[HO,] » (0(>P)] 





266-391 

80 

N 2 

PLP-RF 

[HO,] » [0(>P)J 

2.9 ± 0.7 

228 ± 75 

6.2 ± 1.0 

this work. 


*DF, discharge flow; LMR, laser magnetic resonance; ESR, electron spin resonance; PR, pulsed radiolysis, UVA, ultraviolet absorption, RF, 
resonance fluorescence; LIF. laser-induced fluorescence; PLP. pulsed laser photolysis; RA, resonance absorption * Units are 10" n cm 3 molecule" 1 $T l . 
'ill recalculated with presently recommended (ref 9) values for the reference reactions. 'Corrected downward from reported value by 1.5% to 
account for small change in recommended H 2 0 2 absorption cross section. 

conditions. The first two \/e times of the slightly nonexponential 
computer generated 0( 3 P) temporal profiles were least squares 
fit to an exponential decay to obtain k**, the simulated decay 
rate. The simulated decay rates were then compared to the “real" 
decay rates, k' n to obtain a act of correction curves, some of which 

*'r * + k 9 [H 2 0 2 ] + *,o[0 3 ] ♦ *„ (V) 

are shown in Figure 5. The first two 1 / e times of each exper- 
imental 0( 3 P) temporal profile were least squares fit to eq III to 
obtain k' npki . A corrected value of k'was then computed from 
the expression 

k'-k'^ikVk'iJ • (VI) 

One source of uncertainty in the computer simulations concerns 
the fact that k, 4 was not measured; it was estimated that k, 4 « 
k n * 5 s" 1 . Lack of knowledge of the exact value of k l4 increases 
the uncertainty in the k\/k ' u m factors at low concentrations of 
H0 2 . The low [H0 2 ] data are relatively unimportant in defining 
k,, so the uncertainty in k, 4 makes only a minor contribution to 
the overall uncertainty in k,. For the 101 experiments used in 
the k,(T) determinations, the average value of k' r /k was 1.06 
and the maximum value under any set of experimental conditions 
was 1.18. 

As discussed above, k, values corrected for secondary chemistry 
were obtained from the slopes of plots of k'vs. (HOJ^. Typical 
data are shown in Figure 3. For all 15 rate coefficients measured, 
the corrected k, values were larger than the values which would 
have been obtained from plots of k' wpl , vs. [OH] 0 (see Figure 3, 
for example). The magnitude of the secondary chemistry cor- 
rections was largest at the lowest temperatures. For the 15 rate 
coefficients reported, the average difference between the corrected 


and uncorrected bimolecular rate coefficients was 16% while the 
largest difference was 26%. 

Summary - of Results The experimental results are summarized 
in Table II. Errors quoted for individual “corrected" k, deter- 
minations arc 2 a and refer only to the precision of the k'vs. 

data. The absolute accuracy of our k, determinations 
is limited not only by precision but also by uncertainties in 
measurement of the laser photon fluences (F), the H 2 0 2 con- 
centration, the correction factor used to obtain [HOj]^ from 
[OHJo, the correction factor used to obtain k' from k' apC (i.e., 
* r/* •»)« and unidentified systematic errors. We estimate the 
pertinent 2c uncertainties to be as follows: F, 10%; [H 2 0], 5%; 
[HOiWtOHjo, 5%; k' r /k' to , 10% at 266 K and 5% at 298 K 
and above; unidentified systematic errors, 5%. Precision did not 
appear to be temperature dependent and averaged 9%. Hence, 
the absolute accuracy of an individual k { determination is esti- 
mated to be ±23% at 266 K and ±21% at 298 K and above. 

An Arrhenius plot of our results is shown in Figure 6. An 
unweighted linear least-squares analysis of the In k, vs. 1/7" data 
gives the following expression (units are cm 3 molecule" 1 s" 1 ): 

k,(77 * (2.91 ± 0.70) x l(T n exp[(228 ± 75)/F| (VII) 

The uncertainties quoted in the above expression are 2c and 
represent precision only. 

Comparison with Previous Work. Our results are compared 
with those reported by other investigators in Table III. The 298 
K value reported in this paper is identical with our previously 
reported value 6 and at the upper end of the group of recent direct 
determinations 4 " 7 which span the range (5. 2-6. 2) x 10" n cm 3 
molecule" 1 s" 1 . Other than our studies, the other recent direct 
measurements all employed low-pressure discharge flow systems. 
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Figure 6. Arrhenius plot for the O + H0 2 reaction. 

til measured not only 0( 3 P) but also H0 2 (either directly or 
indirectly by conversion to OH), and all carefully considered the 
role of competing side reactions. Hence, there is no obvious reason 
to prefer one value over another. The early work of Burrows et 
al. 1 and Hack et al. 2 give k,(298 K) values which are considerably 
lower than those reported in ref 4-7. Possible reasons for the 
apparently erroneous results reported in ref 1 and 2 are discussed 
elsewhere. 5 Lii et al. 3 obtained a value for k, by comparing 
computer simulations with H0 2 and 0 3 concentration profiles 
observed following pulsed radiolysis of 0 2 -H 2 -Ar mixtures. Their 
reported rate coefficient agrees well with our results. However, 
as pointed out by Keyser, 5 the experimental data of Lii et al. are 
very insensitive to the value of It,; hence, their error limits should 
be ^500% rather than the reported 30%. 

Very little temperature-dependent data are available for reaction 
1. Values for k, of 8 X 10" n cm 3 molecule' 1 s' 1 at 1600 K 15 and 
6 X 10' 11 cm 3 molecule' 1 s' 1 at 1050 K 16 have been inferred from 
flame studies. The only previous temperature dependence study 
in the atmospheric temperature regime is that of Keyser. 5 As seen 
from the comparisons in Table III and Figure 6, our results are 
in excellent agreement with those of Keyser. Since our experi- 
ments were very different in methodology from Keyser’s and are 
subject to different sources of systematic errors, the uncertainty 
ofk,(D alm °sphcric modeling purposes is now greatly reduced. 
Keyser’s study employed helium buffer gas at a pressure of 1.0 
Torr while our study employed nitrogen buffer gas at a pressure 
of 80 Torr. Thus, agreement between the two studies strongly 
suggests that k, is independent of pressure over the relevant upper 
atmospheric temperature and pressure ranges. 

Reaction 1 could proceed via a hydrogen abstraction mechanism 
(la) or via formation of an energized HOOO •‘pseudo- 
intermediate" (lb): 

O ♦ H0 2 — 0~H0 2 OH + 0 2 (la) 

O + 0 2 H — O— OOH - 0 2 ♦ OH (lb) 


(15) Peetm, J.; Mahnen, G Symp (/«*.) Combust., [Proc] 1972, 14, 133. 

(16) Day. M. J.; Thompson, 1C; Dixon*Lcwu, G. Symp. ( Int .) Combust., 
[Proc. 1 1972, 14, 47. 
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Sridharan et al. 17 recently reported an elegant experiment in which 
,6 OH and ]l OH products from the reaction of ,s O with H0 2 were 
monitored in a discharge flow system. They found that only ,6 OH 
was produced, implying that O reacts with H0 2 via channel lb. 
Thermochemical estimates suggest that HOOO is bound relative 
to O + H0 2 but is ^12 kcal mol' 1 less stable than the OH + 0 2 
products. 1119 Mozurkewich 20 points out that since HOOO is 
bound relative to O + H0 2 , we might expect to find a long-range 
interaction that would produce a transition state for reaction 1 
very similar to that expected for formation of HOOO. Mo- 
zurkewich’s RRKM calculations yield a rate constant for for- 
mation of HOOO of 5.5 X HT 11 cm 3 molecule' 1 s' 1 , independent 
of temperature. 20 The observed negative activation energy for 
reaction 1 could probably be reproduced if a small barrier were 
assumed in the HOOO OH + 0 2 reaction path. 21 

Implications for Atmospheric Chemistry. Model calculations 
of OH and H0 2 concentration profiles in the upper stratosphere 
are very sensitive to the choice of k^T). Kaye and Jackman, 22 
considering both sensitivity of their model to various parameters 
and uncertainties in these parameters, have concJude4 that the 
uncertainty of k\ contributes more to the uncertainty in [OH] 
and [HOJ at 35° N, 40-km altitude than any parameter in their 
model except k n . The currently recommended value* for k,(T) 
is 

k x (T) « 3.0 X lCT 11 exp[(200 ± 200)/71 cm 3 molecule' 1 s' 1 

(VIII) 

The results reported in this paper will have little effect on the 
recommended A factor and activation energy but will substantially 
reduce the uncertainty in the above expression; this will, in turn, 
significantly reduce the overall uncertainty in model calculations 
of upper stratospheric OH and H0 2 concentrations and facilitate 
meaningful comparisons of stratospheric measurements with 
photochemical models. 

Jackman et al. 23 have recently compared 0 3 concentrations at 
5° N and 43-km altitude measured by LIMS (limb infrared 
monitor of the stratosphere) with those calculated from a pho- 
tochemical model using LIMS measurements of H 2 0, HN0 3 , and 
NO : and temperature and SAMS (stratospheric and mesospheric 
sounder) measurements of CH 4 as input. The model predicted 
lower 0 3 levels than those actually observed A sensitivity analysis 
showed that the overall uncertainty in the model calculation was 
a factor of 1.7, about the same magnitude as the discrepancy 
between model and measurement. Of the many parameters used 
in the model, the uncertainty of k, was found to make the sixth 
largest contribution to the overall uncertainty of the calculation. 
Our results will therefore result in a small but significant reduction 
in the model uncertainty. 
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